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An analysis h; presellleu of the expedmental data on thermodynamic properties in the 
critical region of steam. The model used is that of revised and extended scaling, as given by 
the modem theory of critical phenomena. All thermodynamic properties are given in 
closed (parametric) form. The model has, in addition to three universal constants that are 
given by theory, sixteen adjustable parameters that were obtained by least-squares fit to 
PVT and speed-of-sound data. It is valid in the range 200-420 kg/m3 in density and 644-
693 K in temperature. It accurately represents the experimental data for equatIon of state, 
vapor pressure, latent heat, specific heats Cp and Cv and speed of sound. Our analysis 
permits new estimates of the critical parameters of steam, and has . led to a number of 
conclusions-regarding-the-mutuaI-consistenc)LoLthe experimental_data. I~bl1late<l val!!.~~ 
of the thermodynamic properties of steam are appended to the paper. 

Key words: critical parameters; critical region; energy; equation of state; latent heat; scaling laws; 
specific heat; speed of sound; steam; thermodynamic function; thermodynamic tables; vapor pres
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The modem theory of critical phenomena gives detailed 
predictions for the singular behavior of thermodynamic pro
perties in fluids. In this paper we present the results of an 
analysis of the thermodynamic behavior of stcam in the criti-
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cal region in terms of a revised and extended scaled funda
mental equation that incorporates these theoretical predic
tions. The use of this equation makes it possible to assess the 
consistency between the data for various thermodynamic 
properties of steam, such as the PVT properties, 'specific 
heats, and speed of sound. Detailed comparisons of these 
experimental data and the theoretical surface are presented. 
Tabulated values of the thermodynamic properties pressure, 
enthalpy, entropy, energy, specific heats at constant pres
sure and at constant volume, and speed of sound are given 
with temperature and density as entries. These tables will be 
helpful for testing global formulations of the thermodyna
mic behavior of steam for adequacy in the critical region, 
and for supplementing such formulations if they are found 
wanting. 

In this paper, we introduce the concepts of critical 
anomalies and critical exponents in Sec. 2. The fundamental 
equation is developed in Sec. 3, while a complete listing of 
the equations for the thermodynamic properties is given in 
Appendix A, and the constants defining the equation are 
listed in Appendix B. In Sec. 4 the various data sources are· 
discussed. Section 5 deals with the selection of critical con
stants for steam. Sections 6-10 are devoted to comparisons 
of experimental data for the equation of state, vapor pres
sure, latent heat, energy, specific heats Cv and Cp , and 
speed-of-sound with the predictions of our surface. Section 
.L 1 gives the values of the critical amplitude ratios, and com
pares them with the universal theoretical values. As men
tioned in Sec. 12, tables of the thermodynamic properties of 
steam in the critical region have been prepared. These tables 
of the thermodynamic properties as a function of tempera
ture along isochores, and also as a function of temperature 
~~ncl gf pre.~~!!r~~~tur1!tiQ:n.,. ar~~gjyen_in_Appendix C. Ap~. 
pendix D lists the computer program used to generate the 
tables of thermodynamic properties. Appendix E gives units 
and conversion factors. Section 13 summarizes the principal 
conclusions of our work. 

2. Critical Exponents 
It is well known that thermodynamic propert.ies show 

anomalous behavior when the critical point is approached. 
These critical anomalies are described by so-called power 
laws. If we denote by the symbol Ll the departure of a proper
ty from its critical value, and denote by an asterisk (*) a 
property value made dimensionless by appropriate combina
tions of the critical pressure, temperature, and density, then· 
exampJf'~ ofth"''',e nl)wer laws are the following 1

: 

Compressibility along K l = r ± I~ T * I - Y, 

critical isochore: 

Pressure along critical ILlP*1 = D ILlp*Ir5, 
isotherm: 

Density along coexistence I~p* I ___ B l.d T* 18 , 

curve: 

Specific heat at constant C* =A ILlT*I-a, 
volume along critical isochore: v 

(1) 

Here p denotes the density, T the temperature, P the pres
sure. The superscript + denotes an approach to the critical 
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temperature from higher, the superscript - the same from 
lower temperatures. Only two of the critical exponents a, p, 
y, and 0 are independent. The others follow from them 
through scaling relations listed in Appendix A, (A.13) and 
(A. 14}. The constants r± , D, B, A ± are called critical am
plitudes. 

The theory of critical phenomena asserts that the criti
cal exponents of all fluids are the same, and to be identified 
with those calculated theoretically for three-dimensional Is
ing-like systems. This prediction has been verified by accu
rate experiments in a number offluids. For reviews, we refer 
to Refs. 2-5. The available experimental material strongly 
supports the critical behavior of steam to be of the same type 
as that in other simpler fluids.6 In this work, we have there
fore fixed the critical exponents at values predicted theoreti
cally, namely,7 

p = 0.325, 8 = 4.82, Li1 = 0.50, (2) 

where Lit is a "gap" exponent to be introduced in the next 
section. Values of the other exponents then follow from rela
tions (A.13) and (A. 14). 

3. Fundamental Equation 
Our fundamental equation is the one introduced by 

Ley-Koo and Green3
•
8

; these authors adapted, for use in rep
resenting fluid behavior, an expansion of the free energy 
around the critical point that had been proposed by Wegner9 

for magnetic systems. The potential used in our work is 
p= P*/T* as afun~tion of,iL =}l*/T* and T = - l/T*. 
Here P is the pressure, }l the chemical potential, and T the 
absolute temperature. Asterisks denote reduced properties: 
p* = P fPc, T* = T ITc,and}l* =}lPcIPc' where Pc is the 
~critical-pressure; -~.1'c-the-critical- temperature;-anll~p~·-the~· 
critical density. This potential differs from those used in en-
gineering applications in that both dependent and indepen
dent variables are intensive or "field" variables. As a conse
quence, (the thermodynamic surface has a very simple 
structure, the vapor and liquid parts meeting with a discon
tinuous change in slope along a seam below Tc. This struc
ture is consistent with the facts that intensive ("field") pro
perties are identical in coexisting phases while their deriva
tives 

(3) 
change discontinuously. Here U = U I Pe V, the reduced en
ergy density, and p = pipe. In an approach to the critical 
point, the discontinuity in slope diminishes, to disappear at 
·Te .-Atthe-same-time, however; the curvature ofthe~surface 
at the phase boundary increases, and at the critical point the 
second derivatives 

(4) 

as we~ as (a 2p laT2)p, and (a 2p lapaT) diverge strongly. 
Here Xr denotes the reduced value ofp2TKr' Kr being the 
isothermal compressibility. 

On the surface, there is only one direction singled out as 
special. namely, that of the seam, the vapor-liqniil eqnilihri
um curve. One can imagine this seam extrapolated into the 
one-phase region. We represent the seam by the relation 
between}l and T of its projection on the p-T plane in terms 
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of an analytic representation 
3 

{LiT) ={Lc + 2:{Lj(LlTY, 
j= 1 

(5) 

(6) 

The assumption of analyticity of {LofT) is essential; it is hard 
to prove experimentally, although some evidence has been 
accumulated, mainly from the behavior of the two-phase 
Cv .4.10 The analyticity is a feature not only of the Ising model 
and the lattice gas, but also of the decorated lattice mod
els 11.12 that closely represent the asymmetry between the liq
uid and the vapor observed in the laboratory and that is 
reflected, for instance, in the temperature variation of the 
average of coexisting liquid and vapor densities ("slope of the 
diameter"). 

In scaling, the physical variables jl, T are transformed 
to a new coo:fdinate system, one axis of which is the curve 
ito( T). The other axis intersects the first at the critical point in 
a direction that is, in principle, arbitrary. Early scaling equa
tions used the line T = - 1, or T = Tc , as this axis. In the 
present work, we allow this axis to be in an arbitrary direc
tion. This is 'achieved by writing the second variable as a 
linear combination of {L - flo(T) = Llfl andT + 1 = Ll T. 
Thus, the independent scaling variables up, uLare construct
ed as follows, as analytic functions of jL and T: 

au" = jL - jLo(T) = t1j.l, 
(7) 

U l = AT + cAp .. 

Here a is an arbitrary scaling constant (see below) and c is the 
so-call~q mixinAparaIJ!~~~-= The p()tential P isnow decom
posed into two parts, one part Pre~-ihatiS-regular in the 
scaling variables and another part t1P, that contains the criti
cal anomalies. One can think of the regular part as an analyt
ic surface in P (uJL ,U t ) or P (p, T) ~pace, tangentto the thermo
dynamic surface at the critical point. It contains, therefore, 
the information on the critical-point values of the first de
rivatives Pc and Uc ' The scaled part is to produce the infini
ties in second derivatives at the critical point. The asympto
tic critical behavior is incorporated by postulating for this 
anomalous part the following generalized homogeneous 
form l •13: 

(8) 

ties must be present at the critical point. In the present work, 
we will take one Wegner correction to scaling into account. 
Our potential thus has the form3: 

P(u"u,,) = P ""(u,,u,,)+ akolu, 12 - ago( 1:~P8 ) 

+ ak /u /2-a+..::l JU (~). (9) 
1 t 01 IUt IP.5 

The correction-to-scaling function g 1 is again a universal 
function of the same scaling variable u~/IUt 111.5_ This func
tion is mUltiplied by a different power of Ut than in the 
asymptotic term; a new critical exponent Ll t has been intro
duced, and, in addition, a new non universal amplitude factor 

k t • 
For the regular part of the potential, we have chosen the 

form: 

Preg = piT} + Llfl + Put1 jLt1T, 
(10) 

_ 3 _ _. 

Po{T) = 1 + I~(.JT)1. 
j= 1 

It may be worth pointing out that the term P IIt1flLl T gives a 
contribution to the density linear in temperature and thus is 
responsible, in part, for introducing asymmetry in our mod
el. It would be dangerous to identify this contribution with 
the temperature dependence of the coexistence curve diame
ter, since a second important, but anomalous, contribution 
to the slope of the diameter, proportional to ILl Til - a, 

comes from the "mixing of variables." 
Having thus completed the formal presentation of our 

potential, we proceed to the computational part. An impor
tant device for handling scaled equations is the transforma
tiorito-Schofiefd's14-parametric -vana01e~ff-and-e, -which-de
note, respectively, a distance from the critical point and a 
location on a contour of constant r. The scaling variables are 
transformed to parametric variables by the relations 

up = 1'.50 (1 - ( 2
), 

(11) 

in which the constant b 2 is universal. The variable 0 reaches 
the values ± 1 on the coexistence curve. In asymptotic scal
ing, the assumption is made that the density Llp varies linear
ly in 0: 

t1jJ = kofJO. (12) 

With this "linear-model" assumption, the potential and -all 
Here ko iSJl£ecQnq~rbitIary~~aling~0.ll§Jall_t;1l~P,~p.g6~re~_l!~ __ derivatives can be written in al~ebraical1)' closed form, as 
critical exponents defined in Eq. (1). Only two of these are simple polyn.o~ials ili.--e, with -universal coeffiCients that are 
independent; their values are universal, that is, the same for functions of the critical exponents P and 0. 1 We have made 
all fluids and other Ising-like systems. The function go of the this assumption not only for the leading contribution to Llp, 
scaling fields is likewise universal, the argument in parenthe- but also for that arising .from the first Wegner correction. 
ses indicating functional dependence. This choice leads to a similar set of polynomials in 0 for the 

Apart from the implicit presence of the mixing param- Wegner correction-to-scaling, with universal coefficients 
eter c, which disrupts symmetry in a nonuniversal manner, that are functions of the critical exponents /J, 8, Ll 1• The 
the scaled part of the potential contains only two arbitrary relevant expressions are all listed in Appendix A. We stress 
constants, a and kf)) which one can think of as setting two here that the seemingly complicating device of transforma-
scales, namely, for two of the three physical variables. The tion to parametric vat:iables has considerable advantages. 
relation of generalized homogeneity (8) does not allow a free Scaled algebraically closed forms that have been postulated 
choice of more than two such factors. for the equation of statelO.15-17 are not integrable in closed 

Wegner9 showed that higher-order confluent singulari- form and other thermodynamic properties have to be de-

J. Phys. Chern. Ref. Data, Vol. 12, No.1, 1983 



4 LEVEL T SENGERS ET AL. 

rived from them by numerical integration. These fonns in
variably suffer from the additional defect that they have a 
line of higher-order nonanalyticities stretching out from the 
critical point into the one-phase region. The linear-model 
parametric form possesses neither of these defects. More
over, the use of the parametric form greatly simplifies the 
Legendre transformations that the thermodynamicist can
not escape. 

Our fundamental equation contains the following con
stants: 

3 critical exponents 
(universal) 

3 critical parameters 
5 parameters of the 

scaling function 
4 background parameters 

for the pressure 
4 background parameters 

for caloric properties 

/3,8, .1 1, 

In what follows we will discuss how these parameters were 
determined. The values of the constants that we have used 
are listed in Appendix B. The equation is valid in a range of 
temperatures and densities a.~ indicated in Fig. 1. All tem
peratures quoted are on the International Practical Tem
perature Scale of 1968, IPTS 1968,18 unless otherwise indi
cated. This potential was applied before by us to steam. 19 

The present results differ from those previously reported 
principally in a modified choice of the value of Tc. 

Finally, a few remarks about the critical amplitudes in
troduced in Eq. (1). These amplitudes refer to limiting behav
ior and therefore contain no contributions from the correc
tion-to~s<;alin~t~IJJ1.~Sitlc_e __ the_Jeadjng __ ~~yrontotic ierm 
contains only two free constants, the six critical amplitUdes 

. introduced in Eq. (1) cannot be independent. Four relations 
between these amplitudes are listed in the Appendix, Eqs. 
(A38}-(A41). Theoretical predictions exist for these univer
sal amplitUde ratios.20 In our fits of the potential to the pro
perties of steam, we have left the constant b 2 adjustable, so 

~ 
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FIG. 1. Range of validity of the thennodynamic surface presented here in 
terms of (a) temperatures and densities, and (b) temperatures and 
pressures. 
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that a check un the universality of the amplitude ratios be
came possible. 

4. Data Sources for Steam 
In Table 1 we list the data sources relevant to this paper. 

The vapor pressure21 and latent heat22 data of Osborne and 
collaborators are, although almost 50 yr old, of unsurpassed 
quality and indispensible in the formulation of the thermo
dynamic behavior of steam. We have used these data to vali
date our surface below the critical point and to determine the 
critical parameters of steam. The PVT data of Rivkin et 
al.23

•
24 have formed the. basis for determining most of the 

adjustable constants in our equation after we ascertained 
their consistency with the data of Osborne et al. The more 
recent high-quality PVT data of Kell et al.25 are not in our 
range of interest, but we have ascertained the mutual consis
tency of the Kdl and Osborne vapor pressure at 350 °C to be 
of the order of5 mK. Caloric data of high quality are the Cp 

data of Sirota and Maltsev26 and the speed-of-sound data of 
Erokhin and Kalyanov.27 The latter were used to determine 
a few of the caloric "background" parameters in our equa
tion. For both Cp and speed of sound, small adjustments of 
the temperature scales with respect to that of Rivkin et al. 
were required in order to obtain mutual consistency. The 
reSUlting thermodynamic surface, determined up to the inte
gration constants for energy and entropy, was proven to be 
consistent with the energy and Cv data of Baehr and Scho
macker28

•
29 and with selected Cv data of Amirkhanov et al.30 

Table 1. Data sources 

Pronerty First author Ref Year 
------------ - -

Vapor pressure Osborne 21 1933 

Latent heat Oshorne 22 1937 

PVT Rivkin 23,24 1962-66 

SpeCific heat Cp Sirota 26 1962 

Specific heat Cv 

and energy Baehr 28,29 1974-75 

Specific heat Cv l\mirl<hanov 30 1974 

Speed of sound Erokhin 27 1980 

Pc, Tc Blank 31 1969 

Pc' Tc ' vapor 

pressure Scheffler 32,33 1981 

--- ----

We have paid attention to the earlier 1 and to the recent 
direct determination of the critical parameters Pc, Tc of 
steam by Schemer et a/.,32,33 and have found the latter mar
ginally compatible with the surface presented here. 

5. Critical Parameters for Steam 
The values of the critical parameters Pc, Tc have been 

repeatedly determined· in an apparatus first designed and 
built by Blank, an optical high-pressure cell in which the 
difference in refractive index of coexisting phases could be 
observed to disappear. In the course of the years, several 
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22.1 

22.0 

647.0 647.1 647.2 647.3 

Temperature, K ('tiH) 

FIG. 2. The full curve is the vapor pressure curve and critical isochore 
according to our surface based on the PVT data of Rivkin etal. 
(Refs. 23 and 24). The dashed curves are confidence limits based on 
Rivkin's error estimates. The predicted vapor pressure curve agrees 
closely with the vapor pressures of Osborne et al. (Ref. 21). (Os
borne's highest point. .... we believe to be slightly supercritical). 
The direct determinations of Pc, Tc are those of Blank, .... (Ref. 31) 
and of Scheffler et al., ., (Refs. 32 and 33). Their respe tive error 
estimates are indicated by rectangles. Vapor pressure measure
ments of Scheffler et al . • , are also shown, as far as they are in the 
range oItmsplor.Ourindire-cr~determination ~of-~based-on· the
latent heats of Osborne et al. (Ref. 22) is indicated by.; it is 0.12 K 
below the Tc· value of Scheffler. 

values of Tc were reported that ranged from 647.14 K31 to 
647.19 K in the most recent experiment by Schemer et 
al. 32

•
33 The value of Pc reported by Blank falls about 0.01 

MPa below the surface determined by Rivkin's data (Fig. 2). 
Schemer et al. made considerable improvement in the pres
sure measurements; they reported Tc = (647.19 ± 0.02) K, 
Pc = (22.071 ± 0.002) MPa. 

Although this point lies about 0.006 MPa below Riv
kin's PVT surface (Fig. 2), this pressure difference is within 

. the combined~estimated~~uncertainty.We have_d.etermjned 
critical-point parameters in a different way, namely, by anal
ysis of appropriate fluid property data in the critical region. 
The analysis tools are the scaling laws, and the analysis pro
ceeds in two steps. First, from experimental values of exten
sive properties in coexisting phases, such as densities, refrac
tive indices. or latent heats. the temperature at which these 
properties become equal, i.e., the critical temperature Tc ' 

can be estimated with a reliability depending on the accuracy 
and distribution of the property data considered. We were 
fortunate to have the latent heat data of Osborne et al. avail
able for this purpose. Secondly, from a scaled analysis of 
vapor pressure and PVT data the vapor pressure curve and 
its extension, the critical isochore, can be established with 

good precision, but the actual value of Tc is usually poorly 
defined. Once, however. the value of Tc is established by 
other means, that of Pc follows immediately. This is the patJ.) 
we have followed in an indirect determination of the critical 
parameters of steam. The vapor pressure and latent heat 
data of Osborne et al.21

•
22 have documented traceability and 

accuracy of pressure and temperature scales, and are consis
tent with Rivkin's PVT data to a better degree than with the 
(Pc, Tc) value of Schemer et al. Therefore we have refrained 
from using the latter. 

Osborne et aL measured the latent heats g, b, accompa
nying isothermal extraction of unit mass of vapor, resp. liq
uid, from their calorimeter. These quantities are related to 
the densities P L , P v of the phases and· the vapor pressure by 

b = (T /pd(dP /dT}vap, 

g = (T /Pv)(dP /dT)vap' 

(13) 

The known scaled expressions for p L' Pv, and dP / dT (A32, 
A33) imply those for band g. To leading order, g - b be
haves as PL - Pv, that is, as,a"jf3. 

In· a previous p:ublication, a simple power-law expres
sion B IA T * 1.8 with free exponent p was fitted in the range 
350--374 °C to the quantity (g - b )/(g + b), after it was cor
rected for the slope of the coexistence":curve diameter. 6 We 
obtained Tc = (373.85 ± 0.01) °C (IPTS 1948), the error in
dicating a doubling of X 2. The highest point 374°C, was in
consistent with the other data and, consequently, excluded 
from the fit. The equations in Appendix A, however, can be 
used to represent the latent-heat data in a theoretically more 
satisfying manner, but in a smaller range. We used a prelimi
~¥y.~tQf our pot~~tial to thePVT data to calculate all terms 
except the leading one.-·After subtractmg the correction 
terms from the latent heat data (the largest correction, at the 
lowesttemperature, being 1.5%), we fitted the corrected val
ues of (g - b }/(g + b ) in the range 370-374 °C again to the 
asymptotic power law B I~ T * /.8 with free exponentp. Again, 
the highest point seemed inconsistent and was excluded. The 
results for the dependence of the chi-square of the fit on the 
choice of Tc are given in Table 2. The optimum value of Tc 
was 373.84 °C (IPTS 1948), within 0.01° from the one pub-

. lished before,6 while the value 0.324 ± 0.002 o\:>tained for 
the exponent f3 is in excellent agreement with the theory. 7 A 
larger change, of 0.07 °C, is now required for doubling X 2, 

which reflects increased uncertainty because of the small
ness of the range. Thus. we have assumed for Tc in this' paper 

Tc = 373.84 °C (IPTS 1948) = 647.067 K (IPtS-196-S),(14) 

given a difference of 0.077 K between readings on IPTS 1948 
and IPTS 1968 near the critical point of steam. 18 The corre
sponding value of Pc is uIiequivocally defined by the vapor 
pressure and PVT data. We obtained 

Pc = 22.046 MPa (15) 

with an intrinsic uncertainty of 0.003 MPa and one propa
gated from the temperature uncertainty 8Tc ' so that 
8Pc = (0.2678Tc ± 0.OO3)MPa. The value of Pc can be in
ferred from a scaled fit to PVT data or from further analysis 
of the latent heat data. 

J. Phys. Chern. Ref. Data, Vol. 12, No.1, 1983 
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Table 2. Analysis of the latent heat of steam [22J Kith varyIng -lc 

Tc' °C 

(IPTS 1948) 

373.82 

373.83 

373.84 

373.85 

373.86 

373.87 

Fi t 
the 

to uncorrected data in 
range 3300373.5°C [ 61 

2 
X 

2.19 0.3357 

1. 06 0.3359 

~-~ 0.3361 

0.66 0.3363 

1. 35 0.3365 

Fi t to corrected _ data in the 
range 370-373.5°C [this Kork) 

X
2 

1. 98 0.320 

1. 84 0.322 

~ 0.324 

1.96 0.326 

2.19 0.327 

2.53 0.329 

Tahle 3. Critical parameters of s~eam 
-------:::-'::"-=-=-~-::::=~=:-=-~-=---==--=-==--==~----r------------------------------

llseu here Estimated uncertainty l nlrec1: dC1:Crlllina[iulI 

- 131] [:n) 
~----.'.--'--.------"-'----------, ,-------

I 

i I 22.045:tO.003 

I 647.14:tO.03 

22.0460 (0. 2676Tc±0. 003) 

Tt,: ,K 647.067 ± 0.1 

2Z.071±O.002 

647.19±O.03 

I 

~:~~_:2~~~ _____ :~ ___ 1 __________________ _ 

Our fit to the PVT data yields 

Pc = 322.8 kg/m3, (16) 

while a latent-heat analysis gives Pc = (321.2 ± 3.1) kg/m3. 
The--values--we-have-obtained--for-fJc from--scaled-fitsof -a- . -
variety of complexity give optimum Pc values no more than 
2.2 kg/m3 removed from the one given. Table 3 summarizes 
our results for the critical parameters of steam. 

The value of Tc determined indirectly is substantially, 
0.12 K, below that of the most recent direct determina
tion.32,33 Against our choice weighs the fact that we have 
rejected the 374°C latent heat values, but Osborne himself 
mentions -considerable experimental difficulties at this 
point.22 In favor of our choice weighs the extraordinary con
sistency oflatent heat, vapor pressure, and PIT data that is 
obtained as a result (cf. Sec. 7). We hesitate, huwen::!-, to 
assign to our current knowledge of Tc an absolute accuracy 
of better than 0.1 DC. 

6~ Equation of-State 
The scaling function parameters a, ko, kl' c, b 2, and the 

pressure background parameters}> I' }>2' }>3' together with Pc , 
were determined by fitt~ng the equation of state to the PVT 
data of Rivkin and co-workefs.23.24 The parameter I'll was 
derived from the known slope of the coexistence curve diam
eter. The experimental data were assigned absolute weights 
by propagation of error on the basis of the following error 
estimates23

,24 and private communication (S. L. Rivkin, 
1977); 

Up = 0.001 MPa, O'T = 0.02 K, O'p = 0.05%. (17) 

The equation fits the experimental PVT data with statistic 

J. Phys. Chem~ Ref. Data, Vol. 12; No.1, 1983 

chi-square of 0.58 in the range bounded by 

200 kg/m3<p<420 kg/m3
, 

644K<T<693 K. (18) 

-A-comparison-betweentheexperimental-PJLT--data-and 
the values calculated from our equation is presented in Figs. 
3-5, in the form of pressure deviations as function of density 
along various isotherms. The equation reproduces the data 
within the estimated -experimental errors. SOllle systematic 

0.02 

c 
~ 0.0 

.Y 
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_I~
r:f' 

II-
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0.00 

-0.0 I 

I 
'W'G47.217 K I oG43.207 I~ 
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FIG. 3. Deviations of the experimental pressure data of Rivkin et al. from 
the calculated values in the temperature range 643.207 K< T 
<648.177 K. 
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FIG. 4. Deviations of the experimental pressure data of Rivkin et al. from 
the calculated values in the temperature range 648.237 K<T< 
656.207 K. 
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FIG. 5. Deviations of the experimental pressure data of Rivkin et al. from 
the calculated values in the temperature range 658.177 K<T 
<693.185 K. 

trends, albeit within the estimated error, are visible in the 
data within a few degrees from the critical point. 

7. Vapor Pressure and Latent Heat 
The equation of state fitted to the PVT data of Rivkin et 

al. can be used to predict the vapor pressure. A comparison 

t Osborne et 01 (vapor pressures) 

+0.003 

~ +0.002 
~ +0.001 

(J 0 
c; 
(J -0.001 a.. 

I 
-0.002 Co 

)0( 

a..Q) -0.003 

643 644 645 646 647 648 

Temperature, K 

FIG. 6. Comparison between the vapor pressure data of Osborne et al. (Ref . 
21) and the vaPor pressures calculated from the equation of state 
deduced from the PVT data of Rivkin et aJ. (Refs. 23 and 24). The 
error bars denote the spread of the repeated measurements of (Ref. 
21) and the error band corresponds to the direct pressure error _L' 

Rivkin's measurements, ± 0.001 MPa. 

with the vapor pressures of Osborne et aI.21 is presented in 
Fig. 6. Although a small systematic trend is present, the data 
agree with the predicted curve to better than 0.002 MPa. 
This is very good agreement in view of the fact that the 
spread by Osborne et af. of repeat determinations of the va
por pressure is about ± 0.001 MPa, and the uncertainty of 
the pressures of Rivkin et al. is given as ± 0.001 MPa, with 
no allowance made for a possible error in temperature. 

VAPOR 
;-6 ! Osborne et 01. 

+4 

~ o~----------------~----~-;-

~ f I~ -2 
Q) 

0" 

-4 

+4 LIQUID 

01+2 
~ 

"2 
'u o~-----+----------------~~
"6 

.3 
I -2 
J 

-4 

642 644 646 
TEMPERATURE, K 

648 

FIG. 7. Comparison between the latent heat data of Osborne et al. (Ref. 22) 
and the values calculated from our surface. The error bats indicate 
lht: :slamlanl ut:vialiun:s uf lhe lcpcalt:uly mcasun:d data. 
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Tahle 4. Coexistence properties according to our equation, 

and the data of Oshorne et a1. [21,22] 
-.-----'-,._-._'--------'-~:=' ======================= 

T,K P vap (exp) 

L~_!~~~S,_l9 ~.?L ____ .. ' J_!.E.:!:.~ .. } 2.~ ~ l _____ ~I,~~ ______ ~I~a 

370 643.227 21.0524 21.0517 

371 

372 

373 

373.5 

(374.0 

644.227 

645.227 

646.227 

646.727 

647.227 

21. 3056 

21.5615 

21. 8217 

22.0873 

21.3053 

21. 5625 

21. 8235 

21. 9555 

22.0888) 

The measured latent heats g, b,22 can also be compared 
with our surface. The comparison is presented in Fig. 7. The 
highest point has been excluueu t as uiscussed in Sec. 5. The 
experimental data agree to within the spread of repeat mea
surements with the prediction. The worst departure is 2 kJ/ 
kg. The experimental and predicted values ofvapor pressure 
and latent heats are shown in Table 4. 

8. Sources of Error and Measures of 
Experimental Discrepancies 

g(exp) 

kJ/kg 

800.44 

733.65 

683.05 

642.98 

(586.62) 

g(calc) 

kJ/kg 

802.07 

771. 25 

733.93 

682.34 

640.54 

b(exp) 

kJ/kg 

359.35 

374.29 

395.48 

427.56 

452.35 

(504.3) 

b(calc) 

kJ/kg 

359.94 

376.11 

396.57 

426.72 

453.23 

Quantification of a discrepancy between predicted and 
measured property data by means of an adjustment of the 
teIllperatun~ ~I,;ale is to be I,;arcfully distinguished from the 
uncertainty in the assignment of a value of Tc to the Rivkin 
PVT data (Sec. 5). ThePVT data themselves are not sensitive 
to the choice of T<.; _ Derived properties, however, are, for 
instance, the main effect of a change in choice of Tc for the 
Rivkin data is a change in the predicted value of the peak 
height of a divergent quantity such as Cp while the location of 
the peak is not affected. An offs~t in peak height will be 
quantified by giving the amount by which the Tc assignment 

In the comparison of our surface with data other than to Rivkin's data is to be changed in order to eliminate the 
those of Rivkin and Osborne, small discrepancies will usual- offset. In general, we will find that the shifts required to 
ly be found that could be due to a number of factors that are eliminate discrepancies are within reasonable expectations 
usually not known. A major source of error will be the uncer- of experimental uncertainty. We have found no convincing' 
tainty in temperature. The critical temperature of steam is reasons to doubt the accuracy of the model. 
quite high, and it is hard to reproduce the temperature scale Finally, a source of error in near critical data that is not 
and eliminate the temperature gradients to better than a few to be overlooked is that of gravity-induced density gradients 
-hurrdredths-ofa--degree-unless-speciarmetrological-precau'-' , .. -in U regioni -",here'-Tlie compresslblbty IsmgaAs uri. corise:;---
tions are taken. A similar problem arises with the pressure quence, the average bulk density in a PVT experiment de-

, scale which, at 20 MPa, cannot be absolutely reproduced to parts from the density at the level at which the pressure is 
much better than 1 part in 104

• Near the critical point, be- ' measured, while the theoretical infinity in Cv is suppressed. 
cause of the near linearity of the isochO'res, 1 part in 104 in Moldover et al.34 estimated the range from, Tc within which 
pressure corresponds with approximately 0.01 K, and a dis- gravity produces errors larger than 1 % in the property in 
crepancy found between data sets can be quantified either as question on the critical isochore.'These estimates were made 
a difference in temperature scale or in pressure scale, even for xenon in a cell 1 cm high. In steam, in a 10 cm high cell, 
though the actual cause of the discrepancy may be a different these ranges would be 0.15 K for more than 1 % error in Cv , 

one. For reasons of convenience, we express discrepancies in and 0.3 K for more than 1 % error in density. In the Rivkin 
terms of a difference in temperature scale from that defined PVT data, however, the intrinsic pressure error of 0.001 
by the Osborne-Rivkin data, which we consider as correct in MPa is five times larger than the hydrostatic head in the cell, 
view of their consistency and of the traceability of Osborne's and therefore gives the dominant uncertainty in the density 
scales. near the critical point. The Cv data of Baehr et al. were not 

Because of the strong divergences of the compressibility taken within a rang~ ()fQ.!?_ ~Jromtl1~~rt!!~~t!~l?~!~~~~. 
, 'arid the expansloncoefficferitnea.:f'acrfficalpolrit; uncertain.::' .... '-Of the C

v 
data points of Amirchanov et al., the one or two 

ties in pressures and temperature, and sample variability due closest to the peak value occasionally are within the gravity-
to differences in impurity content, all cause greatly-enlarged affected range. 
errors in the density. Consequently, in those experiments 
where a property is reported as a function of pressure rather 
than density, the ,location of the maximum in a diverging 
quantity such as the isobaric Cp ' or in the minimum of a 
quantity like the isothermal speed of sound, will appear shift
ed in density with respect to the predicted curve. As stated' 
earlier, we will quantify the shift by stating the change in 
temperature scale required, with respect to that of the Os
borne-Rivkin data, in order to eliminate the offset in the 
location of the extremum. 
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9. Caloric Background, Energy, and Speed 
of Sound 

The constants fii in the fundamental equation have to 
be determined from caloric properties. Of these, constants, 
{Lc and fil are related to the zeropoints of entropy and ener
gy; they enter into the first derivatives U, H, and S, but not 
into the second derivatives, specific heats, and speed of 
sound. 
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In previous work, 19 the coefficients, ji, 1 and ji,2 were de
termined by fitting the energy equation to the internal ener
gy data of Baehr and co-workers28 while the coefficient ji,3 
was set equal to zero. Recently, however, Erokhin and Ka
lyanov have reported sound velocity data for steam in an 
extended region around. the critical point.27 The speed-of
sound data are more sensitive to the choice of the iii (i> I) so 
that these constants can be determined more accurately. The 
speed-of-sound data also indicate that the coefficient ji,3 in 
the expansion (A6a) for fio( T) cannot be neglected in the tem
perature and density range under consideration. 

If we determine the coefficiel1ts ji, I' il2' and il3 from the 
energy data of Baehr and co~workers28,29 in the way de
scribed before,19 we obtain 

ill = - 22.657 ± 0.007, 

fi2 = - 17.750 ± 0.345, 

ji,3 = - 5.455 ± 0.407. (19) 

It should be noted that Baehr's energy values are an~ 
chored to those of the surface of Keenan et al. at 350 °c. On 
the other hand, if we determine il2 and ji,3 from the speed-of
sound data of Erokhin and Kalyanov27 we obtain 

ii2 = - 17.888 ± 0.OIO,,u3 = - 4.933 ± 0.061. (2U) 

The two sets of values are in excellent agreement, but the. 
values deduced for-il2 and il3 from speed-of-sound data evi
dently have a higher accuracy. These values, Eq. (20), have 
been adopted in this work. 

This leaves the zeropoint constants ile and ill to be de
termined. This was done by identifying the energy and en
tropy of our surface at T= 648.15 K,p = 230kglm3

, with 
those of the global surface proposed by Haar, Gallagher, and 

. K~l1. 35 The results are 

ile = - 11.233, ill = - 22.655. (21) 

The value for ill is in excellent agreement with that l9 ob
tained from a direct fit to the energy data of Baehr ei al. 211

•
29 

After all constants inthe equation have thus been deter-

fJ) 
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• 648.24 K 
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300 

300 

250 

200L---~2~2.~0----------2~2~.5~---------2~3.-0------~ 
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FIG. 8. The speed of sound as a function of pressure in the temperature range 
647.38 K<:T<653.23 K. The data points are those of Erokhin and 
Kalyanov (Ref. 27). The curves represent values predicted by our 
equatiun. 
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45 

FIG. 9. The speed of sound as a function of pressure in the temperature range 
653.23 K<T<698.93 K. The data are those of Erokhin and Ka
lyanov (Ref. 27). The curves represent values predicted by our equa
tion. 

mined (Appendix B), comparisons will be made with experi
mental data for speed-of-sound, energy, and specific heat at 
constant volume. 

A comparison of the speed-of-sound data of Erokhin 
and Kalyanov and the values calculated from our equation is 
presented in Figs. 8 and 9. The equation reproduces correct
ly the magnitude of the speed-of-sound minima at all tem
peratures indicating agreement with the value of Te ascribed 

··toR.iVkifi's-data{Cf. Sec.-8j.InFtg.-lo-wesbowbowmrrcrrthe 
fit to the speed-of-sound data closest to the critical point 
improves by lowering their temperature values by 0.06 K; 
the location of the minima improves while the good agree
ment of the minimum values is retained. 

In our opinion, a combined uncertainty in realization of 

450 

o 647.38 K 
or 648.24 K 

400 6 650.23 K 
• 653.23 K 

~ ~ 350 (J) 6 , .... _ .... -
0 - .. 

E 
fJ) 

u 
300 

250 Erokhin's temperature scale 
lowered by 0.06 K. 

200 22.0 22.5 23.0 
Pressure, MPa 

FIG. 10. Another comparison of the speed of sound in the same range as that 
of Fig. 8, but after subtracting 0.06 K from the temperature values 
of (Ref. 27). This temperature adjustment eliminates most of the 
systematic differen.;;e between data and predi.;;tion. 
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FIG. 11. Deviations of the experimental energy data of Baehr et al. (Ref. 28) 
from the calculated values. 

pressure and temperature measurement and in sample com
position, as expressed by 0.06 K in temperature, is not unrea
.sonable. 

The comparison with the energy data of Baehr et al. 28 is 
shown in Fig. 11. Although the deviations along each iso
chore have a systematic character, the departures from the 
surface are well within the claimed accuracy of the data. In 
Fig. 12 we compare with the CIJ data reported by Baehr and 
Schomacker.29 The data were obtained as the ratio of energy 
increments A U over temperature increments.J T, with.J Tof 
the order of degrees; the predicted curves in Fig. 12 represent 
the quantity AU / .J T, with.J T the experimental temperature 
increments. In general, the data are accurately consistent 
with the weakly diverging specific heat CIJ predicted by the 
~g-laws:-An-exceptionis-formed-bysome··of-the-tw<r

phase data on the 310.27 kglm3 isochore that do not rise 
steeply enough. No adjustment of the temperature scale was 
required. 

Amirkhclnov, Kerimov, Olld co workers have, at var
ious occasions, published detailed measurements of the spe
cific heat CIJ near the phase boundary. A previous analysis 
indicated that not all these data appeared to be mutually 
consistent.6 

In a book published since by Amirkhanov et al.,30 the 

20r----.----r---~ 

> u 

15 

5 

15 

5 

A 344.116 kg/m3 

660 680 700 
Temperature. K 

Temperature. K 

o 323.834 kg/m3 

o l----,,-l-,:--L.---' 
640 660 680 700 

Temperature. K 

Temperature. K 

FIG. 12. The specific heat Gil = s::1 U / s::1 T as a function of temperature. The 
symbols represent the data reported by Baehr and Schomacker 
(Ref. 29). The curves represent values predicted by our equation. 

older measurements are scrutinized; several sets being dis
carded because of the presence of air. This book, however, 
also contains new CIJ data not hitherto published. Those are 
the ones we compare with here. A problem we encountered 
is that the jump in Cu' from a 2-phase to a I-phase value, 
occurs between 374.10 and 374.18 °C (IPTS 1948), which is 
-O:J·1-~e-above-oulchoice-of--Tc;-After--al1-of Amirkhanov's 
temperatures were lowered by this amount, (a much larger 
adjustm:ent than for any of the other data, and one for which 
we have no satisfactory explanation), our surface gives a very 
close representation of this anomalous region of CIJ (Fig. 13). 
Note especially how weII the-steep rise in CIJ is represented 
on the 315.457 kg/m3 isochore where the two-phase CIJ dou
bles in a span of a few K. As mentioned. Baehr's nearby 
isochore did not show this predicted-rise in the two-phase 
region (Fig. 12). 

25 25..----T ---r- 25,...----r---...,..-------, 

Amirkhanov et 01. 1 . 

20 0 :'.1">.457 kQ/m 3 2()t~_ 249.501 kg/l1l?l 20 

~::, L J' ::r 
51 Jl-»-- 51 ~>--
o I I I I I 
640 660 680 700 °6'-4-0--6-'-60---6-'-8-0--7-JOO °640 

Temperature. K Temperature. K 

o 201.207 ky/rn3 

660 680 
Temperature. K 

700 

FIG. 13. The specific heat ell as a function of temperature. The circles represent the data of Amirk
hanov et al. (Ref. 30) after 0.31 K was subtracted from all experimental temperatures. 
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FIG. 14. The data of Sirota and Maltsev (Ref. 26) for the specific heat Cp 

along isobars, and as a function of density, are compared with the 
curves generated by our surface. The peak heights are well predict
ed but there is a small shift in density between the experimental and 
predicted values. 

10. Specific Heat Cp 

A coml!-arison between the values calculated for the 
specific heat Cp and the eXPerimentai dataof sirota- and 
Maltsev26 is presented in Fig. 14. The data were taken as 
enthalpy increments in given finite temperature intervals 
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'V 23.5.360 MPa·Rure scale lowered 
A 24.5166 MPa 0 0 by 0.05 K 
x 26.9683 MPa 0 8 

! o· . 

1 
/ 
l 
J/~ . 
o "'" 

I ~ ~ rl~vY~~~ 
P-?.A~ ~'v. 
~ --x-x-*'*"~"*-~*"*--x A~ 
~ -~ I ~x 

I 

300 Pc 

Density, kg/m3 

400 

FIG. 15. A lowering ofthe experimental temperatures by 0.05 K eliminates 
the offset between Cp experiment and prediction observed in Fig. 
11. 

and the points shown in the plot represent values of 11H /11 T. 
Our predicted values are, likewise, values of 11H /.L1 T over 
the experimental. temperature intervals. Since the tempera
ture intervals .L1 T were small and smoothly varying, and the 
points closely spaced, smooth curves could be drawn 
through the predicted points. The equation reproduces the 
experimental maxima in Cp at all temperatures; the maxi
mum difference in the peak values is about 5% to 6% at the 
22.5651 MPa isobar. 

This difference of peak heights could be further reduced 
by ascribing a lower value of Tc to the PVT data, as we did 
before19

; cf. also Sec. 8. Values for Tc substantially lower 
than the one used here, however, although reconcilable with 
the PVT data, are less compatible with Osborne's latent 
heats. In Fig. 14 the comparison is made with the Cp data 
plotted as function of density, rather than temperature. The 
scaled equation was used to transform the experimental 
pressures to densities. The plot reveals a small offset in peak 
location between the experimental data and the predicted 
curve, as noted earlier. 19 The effect can be eliminated by 
lowering Sirota's temperature .values by 0.05 K, as demon
strated in Fig. 15. We conclude that the Cp data or Sirota 
and Maltsev and the PVT data of Rivkin et al. are consistent 
at an acceptable level. 

11. Critical Amplitude Ratios 
The scaling function parameter b 2, although predicted 

to be universal, was actually determined by us from the fit. 
Universality of b 2 implies universality of the critical ampli
tude ratios [see Eqs. (A38HA41) in Appendix A]. The am
plitude ratios we obtain in our fit are indeed in agreement 
with-the_values predicted_theoreticallYd~ . .s _shQ~n in 'r.~ble_5. 

Table S. Critical_~1itude ratios 
--------------------------

Theory Theory Our results 

____ ~.L ___ . r201 

/\+//\- 0.S1 0.55 0.532 

[,+ / " 
5.07 4.80 4.886 

r+ llH,,-l 
1. 75 1.6 1. 693 

,'+1'+/13 2 
0.059 0.066 0.0568 

series i,'expansion 

expan:; ion renormalization 

Ising group 

12. Thermodynamic Tables 
Tables of the thermodynamic properties pressure, enth

alpy, entropy, energy, specific heats, and speed of sound 
have been prepared along closely spaced isochores, and as a 
function of temperature. 

In addition, a table of saturation properties has been 
constructed. The tables are given in Appendix C. 

13. Discussion 
We have presented a description of the thermodynamic 

behavior of steam in the range 200-420 kg/m3
, 643 693 K, 
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including the critical point. The fundamental equation is of 
the form predicted by the modem theory of critical phenom
ena, and includes a correction-to-scaling term and a device 
for introduoing gas-liquid asymmetry. In total, 16 adjusta
ble parameters were used. 

The PVT data of Rivkin et al. were found to be consis
tent with the vapor pressure and latent-heat data of Osborne 
et af. to a high degree of accuracy. 

The speed-of-sound data of Erokhin and Kalyanov and 
Cp data of Sirota and Maltsev are consistent with the PVT of 
Rivkin after small adjustments of the respective temperature 
scales, of the order of a few hun~redths of a degree. The 
energy and Cv data of Baehr et al. are also consistent with the 
PVT data, but the tolerances of these data are somewhat 
larger than those of Cp and speed of sound. 

The Cv · data of Amirkhanov et al. which include values 
very near the critical point. are represented in fine detail by 
our surface. A large adjustment of the temperature scale, 
- 0.31 K, however, was needed. 

There exists an internationally recognized formulation 
for the thermodynamic surface of steam recommended for 
scientific and industrial use.36 We do not present a compari
son here with the predictions from this international formu
lation or' othe:!- global fOHnulations. Tbt: r't:asun is that tht: 
International Association for the Properties of Steam is in 
the process of adopting a new formulation which will be 
more accurate and valid in a mnch larger range. 35,37 In this 
paper the quality of our fundamental equation for the critical 
region has been judged solely on the basis of a comparison 
with the experimental data. 
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Appendix A. Revised and Extended Scaling 
Equations for the Thermodynamic 

Properties of Fluids 
Ai-:-ReiJuceiJ-'lIiermOilynamlc-fjiiiiiiiitTes-

- Tc _ f.L Pc Tc - P Tc 
T= -r' f.L= T 'T' P=-:r'--P:' 

u= U ._1_ S 
V Pc' 

(AI) 

( ajJ ) 
aft T> 
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(T is temperature, /-L is chemical potential, P is pressure, p is 
density, U is energy, S is entropy, A is helmholtz free energy, 
H is enthalpy, Vis volume, Cv is heat capacity at constant V, 
Cp is heat capacity at constant P ). 

A 2. Thermodynamic relations 

dP= UdT+fi dil, 
cIA = - UdT+fi dp, 

cJij = - TdU + fi djL, 

cIS = - TdU -fi djJ, 

with 

A =p[t-P, 
H=P- TU, 
S=H -fifi = - TU -1. 

A 3. Fundamental equations 

AT= T+ 1, 

AfL = fL - fliT), 
P = Po{T) + Afi + PllA[tAT + AP, 

with 
3 

fio(T) = fic + I fij (.d T)j, 
j=l 

3 

piT) = I + Ilj(AT)i. 
j= 1 

A 4. Derived thermodynamic quantities 

with 

Po =p, PI =/3 +A 1, 

Yo-y, Yl=r-.d I , 

2 - a =/3(8 + 1), Y =fJ(8 - 1). 

(A2) 

(A3) 

(A4a) 

(A4b) 

(AS) 

(A6a) 

(A6b) 

(A7) 

(AM) 

(A9) 

(A10) 

(Allf 

(AI2) 

(A13) 

(A14) 

A 6. Parametric equations jor singular terms 

,d[t = ,P5aO (1 - 0 2), 

AT = r(1 - b 2() 2) - cAjl, 
1 

,dP= Il- a jak;p;(8), 
;=0 

(AIS) 

(AI6) 

(A17) 

( a,d~) _ = ± ['pikl() + c,l-aiak;s;(())], (AI8) 
a,dp .d T i = 0 

( aA~) = ±r1-aiak;Si(())' (A19) 
aAT.dft ;=0 

( 
a2 AP ) ~ [ - y. k; (() ) '2' B· - lk (() ) --=2 _ = ~ r '-Uj '+ cr' ;Vj 
aAJ.L .dT ;=0 a 

+c2r-aiakjwj(Ol], (A20) 
if - 1 
~P- = I ['pi-1kjv;(()) + cr-a1akjwj(Ol] , (A21) 

aiJJ.LiJTj=o 

( a2~) = ±,-aiakiw;(()). (A22) 
a,dT .tijJ. ;=0 

,A 7. Auxiliary junctions 

(A23) 

s/(O) = so; + S2j() 2, S;(()) = 2s2i O, (A24) 

q(O) = 1 + {b 2(2/38 - 1) - 3}()2 -b 2(2/38 - 3)0 4
, 

(A2S) 

u;(()) = [1 - b 2(1 - 2Pi)() 2]/q(()), (A26) 

vi(O) = [P;{l- 3()2)0 -P8(1 ()2)() ]/q(()), (A27) 

Wj{O) [(I-ajHI 3()2)sj(0) 

"":./38(_L=: .()_~}8s;.(O)]Lq(9)i (A28) 

with 

P8 - 3Pi -- b 2air; 

POi = + 2b 4(2 - a;)(1 -, ada; , 

/38 - 3/3; - b 2a;(2f38 - 1) 
pz; = - 2b 2(1- aj)a

j 
> 

-3 
P4;= +~--

2a; 

so; = (2 - ai)POi' 

A 8. Two-phase properties 

Variables: , 

() ± 1, 

LJ.fl = 0, 

JT= r(1 b 2
). 

Vapor pressure: 

1 

Pvap =pif) + I,,z-aiakiP;(l), 
;-0 

(A29) 

(A30} 

(A31) 

(A32) 
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Coexisting densities; 

PL +Pv 1 I 
---=1 +PlI.d1'+ Lcr -aiak;s;(I), 

2 ;=0 

PL -Pv = ±Iik;. 
2 ;=0 

Helmholtz free energy: 
1 

A =pflo(1') -Po(T) - 2:l-aiak;p;(I). 
;=0 

Energy: 

- dP. - rl,; (T) 1 
U=~-P~+---

dT dT I-b 2 

1 

XL (2 - a;)r1
-

aiak;p;(I). 
;=0 

Entropy: 

- - - - - [ dPo dfio 1 s= ~pjLo(T)+Po(T)-T dT- P dT 
1 

+ L ?-a'ak;p;(l) 
;=0 

T 2 ±(2-a;)/-atakiP;(I). 
1 - h 1-0 

Specific heat Cv : 

C- 2- 2 
v_ d Po - d flo 

1'2 - dT2 -P dT2 

(A33) 

(A34J 

(A35) 

(...\36) 

+ (_1_2)2 ± (2 _ a;)(1 - a;)r-ciiak;p;(I). (A37) 
1- b ;=0 

A 9. Critical amplitude ratios 

A + (b 2 - 1)2-apoo 

A - Poo + P20 + P40 
(A18J 

r+ 2 

r- - (b 2 -I)r-l{1-b 2(1-2PH ' 
(A39) 

. .5-3 
r+DB.5-1 = b , 

(b 2 -1)Y-l 
(A40) 

A+r+ 
--2- = (2 - a)(1 - a)a(b 2 -J)2PpOO. 

B 
(A41) 
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Appendix B. Parameter Values for the 
Thermodynamic Surface of Steam in the 

Critical Region 

TABLE B 1. Parameter valuesa 

Critical exponents: f3 = 0.325b 

~ = 4.82b 
..11 =0.50b 

Critical parameters: Tc = 647.067 KC 
Pc = 322.778 kg/m3 

d 

Pc = 22.0460 MPa" 
Parameters in scaling functions: a = + 23.667d 

ko = + 1.4403d 

kl = + 0.2942d 
C = - 0.01776d 

b 2 = + 1.3757d 

Pressure background parameters: 1\ = + 6.8445d 

1>2 = 25.4915d 

P3 + 5.238d 

PII = + 0.4918 f 

Caloric background parameters: Pc = - 11.2338 

PI = - 22.655g 

P2 = - 17.888h 

P3 4.933h 

~ The number uf decimals given exceeds the number of significant decimals 
so as to retain precision in complex calculations. 

b Fixed from theory. 
c From latent heat data of Osborne et af. 
d From fit to PVT data of Rivkin et al. 
e Derived from vapor pressure curve. 
fFrom known coexistence curve diameter. 
g From identification of our surface with that ofHaar et al. at T = 648.15 K 
andp = 230 kg/m3

• 

hFrom fit to speed of sound data of Erokhin and Kalyanov. 

Appendix C. Tables of Thermodynamic 
Properties of Steam in the Critical Region 

The uncertainty of the tabulated values is generally a 
few units in the last decimal given. However, in special cases, 
such as for the densities near Pc and Tc and the specific heats 
in the region where they vary rapidly, the uncertainty will be 
much larger. 
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Table CI. Thermodynamic properties along isochores at regular temperature increments. 
-- - ---------- ---------------------------_ .. _- --------------------- ---------------------- --- --- --------------- -----------------
Temp. Pressure Density Internal Enthalpy Entropy C C Velocity Phase 

Energy 1:' v of Sound Region 

K 1>fPa kg/m3 kJ/kg kJ/kg kJ/kg.K kJ/kg.K m/s 

------------------------------------------------------------------------------------------------------------
643.0 20.995 200.0 2234.5 2339.5 4.8090 14.46 2 

644.0 21.184 200.0 2239.3 2345.2 4.8165 81.4 4.50 364.9 
645.0 21.371 200.0 2243.8 2350.6 4.8234 71.0 4.39 368.5 
646.0 21.557 200.0 2248.1 2355.9 4.8301 63.1 4.29 371.8 
647.0 21.741 200.0 2252.4 2361.1 4.8367 ·57.0 4.21 374.8 
648.0 21.925 200.0 2256.5 2366.2 4.81\31 52.1 4.14 377.7 
650.0 22.290 200.0 2264.7 2376.1 4.8557 44.6 4.02 383.0 
655.0 23.191 200.0 2284.2 2400.2 ~.8856 33.2 3.80 394.9 
660.0 24.081 200.0 2302.8 2423.2 4.9139 26.7 3.64 405.4 
665.0 24.962 200.0 2320.7 2445.5 4.9409 22.6 3.52 415.0 
670.0 25.836 200.0 2338.1 2467.2 4.9669 19.6 3.43 424.0 
675.0 26.705 200.0 2355.0 2488.5 4.9921 17.4 3.35 432.6 
680.0 27.568 200.0 2371.5 2509.4 5.0165 15.8 3.28 440.8 
685.0 28.427 200.0 2387.8 2529.9 5.0403 14.4 3.22 448.7 
690.0 29.283 200.0 2403.7 2550.1 5.0635 13.3 3.17 456.4 
{'9S.0 30.135 200.0 2419.4 2:570.1 5.0862 12.4 3.12 463.9 

------------------------------------------------------------------~-----------------------------------------
643.0 20.995 220.0 2170.7 2266.1 4.6948 13.49 2 
644.0 21.247 220.0 21.84.4 2280.9 4.7161 13.95 2 

645.0 21.490 220.0 2196.0 2293.7 4.7342 155.6 4.88 346.9 
646.0 21.696 220.0 2200.8 .2299.4 4.7416 121.7 If.bY 3:'Z.3 
647.0 21.899 220.0 2205.4 2305.0 4.7488 100.9 4.54 356.7 
648.0 22.102 220.0 2209.9 2310.3 4.7557 86.6 4.42 360.7 1. 
650.0 22.504 220.0 2218.5 2320.8 4.7690 67.9 4.24 367.6 1 
655.0 23.495 220.0 2238.9 2345.7 4.8003 44.9 3.94 381.9 1 
660.0 24.474 220.0 2258 •. 1 2369.4 .q.B2~:i .i3.Y 3.7:::i 3'14.0 
665.0 25.444 220.0 2276.5 2392.1 4.8572 27.4 3.61 404.9 
670.0 26.408 220.0 2294.2 2414.3 4.9838 23.2 3.49 414.9 
675.0 27.366 220.0 2311.5 2435.9 4.9094 20.2 3.40 424.3 
680.0 28.319 220.0 2328.3 2457.0 4.9342 17.9 3.33 433.3 
685.0 29.269 220.0 2344.8 2477.8 4.9584 16.2 3.26 441.9 
690.0 30.215 220.0 2360.9 2498.3 4.9819 14.8 3.21 450.2 
695.0 31.158 220.0 2376.8 2518.5 5.0048 13.7 3.16 458.3 

------------------------------------------------------------------------~-----------------------------------
643.0 20.995 240.0 2117.4 2204.9 4.5997 12.69 2 
644.0 21.247 240.0 2130.3 2218.8 4.6197 13.10 2 
645.0 21.504 240.0 2143.7 2233.3 4.6405 13.73 2 

646.0 21.759 240.0 2156.7 2247.3 4.6606 319.4 5.28 328.9 
~r.O- 21.981 -240-.-0 21-6-1.8- 2-2-5-3 .-4- -4-.668.5 20a....9_ . ~J2_5_ __3.F.2 1 

648.0 22.201 240.0 2166.6 2259.1 4.6759 157.7 4.74 343.3 1 
650.0 22.638 240.0 2175.8 2270.1 4.6901 107.1 4.46 352.8 
655.0 23.714 240.0 2197.0 2295.8 4.7226 60.3 4.06 370.3 
660.0 24.778 240.0 221-6.7 2319.9 4.7525 42.3 3.83 384.2 
665.0 25.833 . 240.0 2235.~ 2343.0 4.7808 32.8 3.67 396.4 
670.0 26.884 240.0 2253.4 2365.4 4.8078 26.9 3.54 407.5 
675.0 27.930 240.0 2270.9 2387.2 4.8337 22.9 3.44 417.8 
680.0 28.972 240.0 2287.9 2408.6 4.8589 2001 3.36· 427.5 
685.0 30.012 240.0 2304.5 2429.6 4.8832 17.9 3.29 436.8 
690.0 31.049 240.0 2320.8 2450.2 4.9069 16.2 3.23 445.8 
695.0 32.083 240.0 2336.9 2470.5 4.9301 14.8 3.18 454.4 

-------~----------------------------------------------------------------------------------------------------
643.0 20.995 260.0 2072.~ 2153.1 4.5192- 12.00 2 
644.0 21.247 260.0 208~.6 2166.3 4.5381 12.39 2 
645.0 21.504 260.0 2097.2 2179.9 4.5577 12.96 2 
646.0 21.764 260.0 2110.7 2194.4 4.5786 14.02 2 

647.0 22.016 260.0 2121.3 2206.0 4.5950 554.6 5.52 314.4 1 
648.0 22.252 260.0 2126.5 2212.1 4.6031 312.6 5.08 325.3 1 
650.0 22.719 260.0 2136.2 2223.6 4.6181 169.1 4 •. 65 338.8 1 
655.0 23.873 260.0 2159.1 2249.9 4.6515 78.5 4.15 360.3 1 
660.0 25.017 260.0 2179 "1 227 ....... ....6920 51.1 3.99 376.2 1 

-6-65.0 26-.-156 260-.0 2197.cl- !-2-9-7-.-7 4-.-7-102 38.0_ 3.71 ~8~.8 1 
670.0 27.291 260.0 2215.3 2320.3 4.7379 30.4 3.57 401.9 -1 
675.0 28.423 260.0 2232.9 2342.2 ~.7641 25.4 3.47 4i3.1 1 
680.0 29.553 260.0 2250.0 2363.7 4.7894 21.9 3.38 423.6 1 
685~O 30.682 260.0 2266.7 2384.7 4.8139 19.4 3.31 433.6 1 
690.0 31.810 260.0 2283.1 2405.5 4.8377 17.4 3.25 443.1 1 
695.0 32.936 260.0 2299.2 2~2S.9 ~.8610 15.9 3.19 452.3 1 

---------------------------------------------~-------~-~----------------------------------------------------
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Table Cl. Thermodynamic properties alone isochores at re2ular temperature increments (continued). 
--- --- -- -- --- ---- ---- --- --- -- ---- ----- --- ---- -- ---- -- ---- --- --- ----- ------ ------ -- -- ---- ---- -- ---- ------ -- ---- --- ------------- ----

Temp. 

643.0 
644.0 
645.0 
646.0 

647.0 
648.0 
650.0 
655.0 
660.0 
665.0 
670.0 
675.0 
680.0 
685.0 
690.0 
695.0 

-443.0 
644.0 
645.0 
646.0 
647.0 

648.0 
650.0 
655.0 
660.0 
"''''!'i.O 
670.0 
675.0 
680.0 
685.0 
690.0 
695.0 

643.0 
644.0 
645.0 
646.0 
647.0 

-~!!..! .Q.. ---
650.0 
655.0 
660.0 
665.0 
670.0 
675.0 
680.0 
685.0 
690.0 
695.0 

.. 43.0 
644.0 
645.0 
646.0 
647.0 

648.0 
650.0 
655.0 
660.0 
665.0 
670.0 
675.0 
680.0 
685.0 
690.0 
695.0 

Pressure 

MPa 

20.995 
21. 247 
21.504 
21.764 

22.027 
22.276 
22.770 
23.995 
25.215 
26.433 
27 .. 651 
28.869 
30.088 
31.306 
32.525 
33.744 

20.995 
21.247 
21.504 
21.764 
22.028 

22.288 
22.804 
24.095 
25.389 
2"."96 
27.987 
29.291 
30.598 
31.907 
33.218 
34.531 

20.995 
21.247 
21.504 
21.764 
22.028 

22.295 
22.832 
24.187 
25.555 
26.932 
28.318 
29.709 
31.107 
32.509 
33.915 
35.325 

20.995 
21. 247 
21.504 
21.764 
22.028 

Density 

kg/m 3 

280.0 
280.0 
280.0 
280.0 

280.0 
280.0 
280.0 
280.0 
280.0 
280.0 
280.0 
280.0 
280.0 
280.0 
280.0 
280.0 

300.0 
300.0 

- 300.0 
300.0 
300.0 

300.0 
300.0 
300.0 
300.0 
300.0 
300.0 
300.0 
300.0 
300.0 
300.0 
300.0 

320.0 
320.0 
320.0 
320.0 
320.0 

320.0 
320.0 
320.0 
320.0 
320.0 
320.0 
320.0 
320.0 
320.0. 
320.0 
320.0 

340.0 
340.0 
340.0 
340.0 
340.0 

Internal 
Energy 

kJ/kg 

2033.8 
2045.4 
2057.4 
2070.1 

2083.8 
2089.7 
2099.8 
2122.0 
2142.3 
2161.3 
2179.6 
2197.2 
2214.4 
2231.1 
2247.5 
2263.7 

2000.3 
2011.4 
2022.9 
2035.0 
2049.0 

2055.9 
2066.2 
2088.6 
2108.8 
2127.8 

- 2146.0 
2163.6 
2180.7 
2197.5 
2213.8 
2229.9 

1971.1 
1981.7 
1992.7 
2004.3 
2017.6 

2025.0 
2035.3 
2057.4 
2077.4 
2096.3 
2114.4 
2131.8 
2148.8 
2165.5 
2181~8 
2197.8 

1945.2 
1955.4 
1966.0 
1977.2 
1989.9 

Enthalpy 

kJ/kg 

2108.8 
2121.3 
2134.2 
2147.9 

2162.5 
2169.2 
2181.1 
2207.7 
2232.3 
2255.7 
2278.3 
2300.3 
2321.8 
2342.9 
2363.7 
2384.2 

2070.3 
2082.2 
2094.5 
2107.6 
2122.4 

2130.1 
2142.2 
2168.9 
2193.4 
2216.8 
2239.3 
2261.3 
2282.7 
2303.8 
2324.6 
2345.0 

2036.7 
2048.1 
2059.9 
2072.3 
2086.4 

Entropy 

kJ/kg.K 

4.4502 
-i.4682 
4.4868 
4.5066 

4.5278 
4.5368 
4.5524 
4.5865 
4.6172 
4.6460 
4.6734 
04.6996 
4.7249 
4~7495 
4.7733 
4.7966 

.t.~904 

.... q076 
4.425.01 
4.4442 
4.4658 

4.4764 
4.4924 
4.5267 
4.5574 
4.5861 
4.6134 
4.6396 
4.6648 
4.6893 
4.7131 
4.7364 

4.3380 
4.3545 
4.3716 
4.3896 
4.4102 

2094.7 4.4216 
21 06 .-c6;--------O-4~. ~4 3=7=5 
2133.0 4.4714 
2157.3 4.5019 
2180.5 4.5303 
2202.9 4.5574 
2224.7 4.5834 
2246.1 4.6085 
2267.1 4.6328 
2287.7 4.6565 
2308.2 4.6796 

2007.0 
2017.9 
2029.2 
2041.2 
2054.7 

.t.2919 
4.3077 
4.3241 
4.3414 
4.3612 

22.302 340.0 1996.7 2062.3 4.3716 
4.3869 
4.4200 
4.4499 
4.4780 
4.5047 
4.5304 
4.5553 
4.5794 
4.6030 
4.6259 

22.861 340.0 2006.6 2073.9 
24.283 340.0 2028.2 2099.7 
25.727 340.0 2047.9 2123.6 
27.189 340.0 2066.5 2146.4 
28.662 340.0 2084.3 2168.6 

.. --30-.-i46----·-3-40-~-O----210j-.~6---2190-;3-----
31.638 340.0 2118;4 2211.5 
33.137 340.0 2134.9 2232.4 
34.643 340.0 2151.1 2253.0 

·36.154 340.0 2167.0 2273.3 
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c 
p 

kJ/kg.K 

2431.8 
635.3 
251.7 
96.1 
58.6 
42.1 
33.0 
27.2 
23.3 
20.4 
18.2 
16.5 

1126.5 
326.8 
107.4 
62.7 
44.2 
34.2 
28.0 
23.8 
20.8 
18.5 
16.7 

c 
v 

11.42 
11.77 
12.31 
13.29 

6.46 
5.42 
4.BO 
4.20 
3.91 
3.72 
3.58 
3.48 
3.39 
3.31 
3.25 
3.19 

10.91 
11.24 
11.74 
12.66 
17.55 

5.66 
4.86 
4.21 
3.91 
3.71 
3.58 
3.47 
3.38 
3.31 
3.24 
3.19 

10.47 
10.78 
11.24 
12.10 
16.69 

Velocity 
of Sound 

m/s 

284.7 
307.6 
326.4 
352.2 
370.2 
385.2 
398.4 
410.5 
421.8 
432.4 
442.6 
452.3 

292.6 
316.9 
346.8 
366.7 
383.0 
397.2 
410.2 
422.2 
433.5 
444.2 
454.5 

1380.9 5.66 283.5 

Phase 
Region 

2 
2 
2 
2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 

345-.·1---~4·.'8 .. 2.---~37171-.~4--~ 
1 
f 
1 
1 
1 
1 
1 
1 
1 
1 
1 

107.5 4.16 344.4 
62.1 3.87 366.0 
43.7 3.68 383.5 
33.8 3.55 398.7 
27.7 3.45 412.4 
23.5 3.36 425.1 
20.6 3.29 437.0 
18.3 3.23 448.3 
16.6 3.17459.0 

10.07 
10.37 
10.81 
11.61 
15.93 

1026.2 5.42 282.2 
289.0 4.67 310.8 
96.1 4.08 345.7 
57.0 3.81 368.6 
40.6 3.63 387.1 
31.8 3.51 403.1 
26 .-=2--- .. 3~.·4·1--------..417-;5---
22.5 3.33 430.8 
19.7 3.26 443.3 
17.6 3.21 455.0 
16.0 3.15 466.2 

2 
2 
2 
2 
2 

1 
1 
1 
1 
1 
1 

---.1.--- ----------------. 

1 
1 
1 
1 



THERMODYNAMIC PROPERTIES OF STEAM IN THE CRITICAL REGION 17 

Table Cl. Thermodynamic properties along isochores at regular temperature increments (continued) . 
---.- -- --- -- --- --- ------------ --------- ------------ ------------------------------ -- ------------- -------------------------- -------

Temp. Pressure I)ensity Internal Enthalpy Entropy C C Velocity Phase 
Energy p v 

of Sound Region 

MPa kg/m
3 kJ/kg kJ/kg kJ/kg.K kJ/kg.K m/s 

------------------------------------------------------------------------------------------------------------
643.0 20.995 360.0 1922.3 1980.6 4.2508 9.73 2 
644.0 21.247 360.0 1932.1 1991.1 4.2661 10.00 2 
645.0 21.504 360.0 1942.3 2002.0 4.2819 10.42 2 
646.0 21.764 360.0 1953.1 2013.5 4.2986 11.18 2 

647.0 22.029 360.0 1965.0 2026.2 4.3171 2889.7 6.16 253.2 1 
648.0 22.314 360.0 1970.4 2032.4 4.3255 520.9 5.01 289.5 1 
650.0 22.898 360.0 1979.8 2043.4 4.3399 199.5 4.46 316.1 1 
655.0 24.395 360.0 2000.7 2068.4 4.3719 78.1 3.96 351.3 1 
660.0 25.924 360.0 2019.8 2091.9 4.4010 48.9 3.73 375.0 1 
665.0 27.475 360.0 2038.1 2114.4 4.4285 36.0 3.57 394.2 1 
670.0 29.043 360.0 2055.6 2136.3 4.4548 28.7 3.46 410.8 1 
675.0 30.625 360.0 2072.7 2157.7 4.4802 24.0 3.37 425.8 1 
680.0 32.217 360.0 2089.3 2178.8 4.5048 20.8 3.29 439.6 1 
685.0 33.820 360.0 2105.6 2199.6 4.5287 IB.4 3.23 452.5 1 
690.0 35.430 360.0 2121.7 2220.1 4.5520 16.6 3.18 464.7 1 
695.0 37.047 360.0 2137.4 2240.3 4.574B 15.2 3.13 476.3 1 

------------------------------------------------------------------------------------------------------------
643.0 20.995 380.0 1901.7 1957.0 4.2141 9.41 2 
644.0 21.247 380.0 1911.3 1967.2 4.2289 9.68 2 
645.0 21.504 380.0 1'921.1 1977.7 4.2442 10.07 2 
646.0 21.764 380.0 1931.5 1988.8 4.2603 10.79 2 

647.0 22.037 380.0 1940.9 199B.9 4.2749 455.4 4.97 284.6 1 
648.0 22.339 38·0.0 1945.7 2004.5 4.2822 232.8 4.57 304.7 1 
650.0 22.955 380.0 i954.4 2014.8 4.2957 123.6 4.21 327.5 1 
655.0 24.540 380.0 1974.4 2039.0 4.3263 59.3 3.83 361.6 1 
660.0 26.163 380.0 1993.0 2061.9 4.3546 40.0 3.63 385.5 1 
665.0 27.814 380.0 2010.8 2084.0 4.3815 30.6 3.50 405.1 1 
670.0 29.485 380.0 2028.0 2105.6 4.4073 25.1 3.40 422.2 1 
675.0 31.173 380.0 2044.8 2126.9 4.4323 21.4 3.32 437.6 1 
680.0 32.874 380.0 2061.3 2147.8 4.4565 18.8 3.25 451.7 1 
685.0 34.586 380.0 2077.4 2168.4 4.4801 16.8 3.20 465.0 1 
690.0 36.309 380.0 2093.2 2188.8 4.5032 15.3 3.15 477.4 1 
695.0 38.040 380.0 2108.9 2209.0 4.5258 14.1 3.10 489.3 1 

------------------------------------------------------------------------------------------------------------
643.0 20.995 400.0 1883.2 1935.7 4.1810 9.13 2 
644.0 21.247 400.0 1892.5 1945.6 4.1954 9.38 2 
645.0 21.504 400.0 1902.0 1955.8 4.2102 9.75 2 
646.0 21.764 400.0 1912.1 1966.5 4.2258 10.44 2 

-&4~7· ... 0 -2-2-.-07~2· ~O.o-.... o.. ll1.L.A. 1972.8 4.2343 150.3 4.35 313.1 
648.0 22.395 400.0 1921.8 1977 .B 4~2409 T10.4 4--;Ter ~3:!072" -1-
650.0 23.052 400.0 1930.0 1987.6 4.2534 74.B 3.97 345.1 1 
655.0 24.741 400.0 1949.0 2010.9 4.2827 43.7 3.69 377.1 1 
660.0 26.473 400.0 1967.1 2033.3 4.3101 31.9 3.53 400.6 1 
665.0 28.235 400.0 1984.5 2055.1 4.3363 25.5 3.42 420.2 1 
670.0 30.020 400.0 2001.4 2076.4 4.J616 21.5 3.34 437.5 1 
6/:1.Q ,Sl.B24 400.0 2017.9 2097.4 4.3862 18.B 3.27 453.0 1 
680.0 33.642 400.0 2034.1 2118.2 4.4101 16.7 3 •. 21 467.4 1 
685.0 35.474 400.0 2050.0 2138.7 4.4334 15.2 3.16 480.8 1 
690.0 37.317 400.0 2065.7 2158.9 4.4562 14.0 3.11 <493.5 1 
695.0 39.169 400.0 2081.1 2179.0 4.4785 12.9 3.07 505.5 1 

------------------------------------------------------------------------------------------------
643.0 20.995 420.0 1866.5 1916.5 4.1511 8.BB 2 
644.0 21.247 420.0 1875.5 1926.1 4.1651 9.12 2 
645.0 21.504 420.0 1884.8 1936.0 4.1795 9.47 2 

641..0 21.919 420.0 18'70.5 1"42.S .... 18a .. . as.? "1.08 331.'1 
647.0 22.164 420.0 1894.6 1947.3 4.1947 69.7 3.97 343.4 
648.0 22.513 420.0 1898.5 1952.1 4.2007 59.5 J.88 352.9 
650.0 ·23.220 <420.0 1906.1 1961.4 4.2125 47.0 3.76 36B.5 
655.0 25.033 420.0 1924.4 1984.0 4.2405 32.2 3.56 397.7 
660.0 ?6.RA9 4'0.0 1941.9 2005.9 -1.2670 25.2 3.·H -t20.-t 
66·5.0 2e, ... 7~16- .420~~O ~19.5_a .• ~8 _2~Q27L3 4.2926 21.1 3.J5 439.6 
670.0 30.687 420.0 1975.4 2048.4 4~f7~~ Hf~3 ~3~·28 "'56.7~ 
675.0 32.617 420.0 1991.6 2069.2 4.3416 16.3 3.22 472.2 
680.0 34.565 420.0 2007.5 2089.8 4.3651 14.8 3.17 486.6 
685.0 36.526 420.0 2023.3 2110.2 4.3882 1'3. " 3.12 500. t 
690.0 38.499 420.0 2038.B 2130.4 4.<4107 12.6 3.08 51.2.8 
695.0 40.482 420.0 2054.1 2150.5 4.4328 11.8 3.04 525.0 

-----------~------------------------------------------------------------------------------------------------

J. Phys. Chern. Ref. Data, Vol. 12, NO.1, 1983 



18 LEVELT SENGERS ET AL. 

Table C2. Properties of coexisting phases at regular temperature increments .. 

vapor 

Temp. Pressure Density Latent Internal Enthalpy Entropy Cp C Velocity 
Heat Energy v of Sound 

K MPa kg/m
3 

kJ/kg kJ/kg kJ/kg kJ/kg.K kJ/kg.K m/s 
------------------------------------------------------------------------------------------------------------

643.00 20.995 199.78 ~51.8 2235.3 2340.4 4.8104 95.4 4.64 361.1 
643.20 21.045 201.78 443.3 2231.2 2335.5 4.8024 100.4 4.67 359.6 
643.40 21.095 203.8~ 43~.5 2227.0 2330.5 4.79~3 106.0 4.70 358.0 
643.60 21.146 205.99 425.5 2222.7 2325.3 4.7858 112.2 4.73 356.4 
643.80 21.197 208.22 416.2 2218.2 2320.0 4.7771 119.3 4.76 354.7 
644.00 21.247 210.55 406.5 2213.5 2314.4 4.7681 127.3 4.80 352.9 
644 .20 21.298 212.97 396.5 2208.6 2308.6 4.7588 136.6 4.83 350.9 
644.40 21.350 215.52 386.1 2203.6 2302.6 4.7491 147.3 4.88 348.9 
644.60 21.401 218.20 375.2 2198.2 2296.3 4.7389 159.8 4.92 346.7 
644.80 21.452 221.03 363.8 2192.7 2289.7 4.7283 174.7 4.97 344.4 
645.00 21.504 224.04 351.8 2186.8 2282.7 4.7171 192.7 5.02 341.8 
645.20 21.555 227.25 339.1 2180.5 2275.3 4.7053 214.7 5.08 339.1 
645.40 21.607 230.70 325.6 2173.8 2267.5 4.6927 242.5 5.15 336.0 
645.60 21.659 234.44 311.1 2166.6 2259.0 4.6792 278.3 5.23 332.7 
645.80 21.712 238.55 295.3 2158.7 2249.7 4.6646 326.2 5.32 328.8 
646.00 21.764 243.12 277."1 2150.1 223"1.6 4.6485 393.6 5.42 324.4 
646.20 21.816 248.31 258.5 2140.3 2228.2 4.6305 494.6 5.55 319.1 
646.40 21.869 254.39 236.0 2129.0 2215.0 4.6098 661.6 5.72 312.6 
646.60 21.922 261.87 208.7 2115.3 2199.1 4.5849 986.2 5.96 304.0 
646.80 21.975 271.99 172.6 2097.2 2178.0 . 4.5521 1858.6 6.36 291.0 
647.00 22.028 290.37 108.7 2065.6 2141.5 4.4953 9198.8 7.47 261.7 

647.067 22.0460 322.778 .0 2014.8 2083.1 4.4050 .0 
------------~----------------------------------------------------------~--~---------------------------~-----

liqUid 

Temp. Pressure Density Latent Internal Enthalpy Entropy C C v 
Velocity 

Heat Energy 
p of Sound 

K MPa kg/m 
3 

kJ/kg kJ/kg kJ/kg kJ/kg. K kJ/kg.K mls 

------------------------------------------------------------------------------------------------------------
~6A..5~._O_Q 2-1- ... 50-4- -425-..-4-4- -~5h8-- -1-880.4- l-9-J 0. 9- ~"1-n-6~ -8~ ~4.t-t- ~328-;o 

645.20 21.555 421.90 339.1 1885.1 1936.2 4.1797 98.7 4.17 324.0 
645.40 21.607 418.11 325.6 1890.2 1941.8 4.1882 112.1 4.23 319.2 
645.60 21.659 414.02 3U.l 1895.6 1947.9 4.1974 129.7 4.30 314.0 
645.80. 21.712 409.57 295.3 1901.4 19S4.~ 4.2074 153.6 4.39 308.5 
646.00 21.764 404.64 277.9 1907.9 1961.6 ".2183 187.8 4.50 302.6 
646.20 21.816 399.08 258.5 1915.0 1969.7 4.2306 240.3 4.63 295.9 
646.40 21.86'1 3"12.63 236.0 1'123.3 1"179.0 4.2 ...... 8 329.7 4.80 288.4 
646.60 21.922 384.76 208.7 1933.4 1990.3 4.2621 510.2 5.06 279.2 
646.80 21.975 374.23 172.6 194\6.7 2005.5 4.2852 1024.2 5.48 267.0 
647.00 22.028 355.38 108.7 1970.8 2032.8 4.3272 5920.7 6.69 243.0 

647.067 22.0460 322.778 •. 0 2010\ .8 2083.1 4.4050 .0 
------------------------------------------------------------------------------------------------------------
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Table C3. Properties of coexisting phases at regular pressure intervals. 
------- ---- --- --- --------------------- ----- ---------------------------- ------ -- -- ---- ------------ --- ----- --- --- -- ---- ------ --------

vapor 
-- --- -- --- --- ------- -- ---------- ----- --------------- ---------------- --- -- ------ -- -- ---- ---------- ------ ------ ---------- ---- ----- - --

Temp. Pressure Density Latent Internal Enthalpy Entropy C C v Veloci ty 
Heat Energy p of Sound 

MPa kg/IiI 
3 

kJjkg kJ/kg kJ/kg kJ/kg.K kJ/kg.K m/s K 
------------------------------------------------------------------------------------------------------------

643.02 21~000 199.99 450.9 2234.9 2339.9 4.8096 95.9 4.64 361.0 
643.22 21.050 201.98 442.4 2230.8 2335.0 4.8016 101.0 -1.67 359.5 
643.42 21.100 204.04 433.7 2226.6 2330.0 1.7935 106.5 4.70 357.9 
643.62 21.150 206.17 -42-1.9 2222.3 232",.9 '\.7951 112.9 '\.73 3Sl..J 

643~81 21.200 208.37 415.6 2217.9 2319.6 1.7765 119.8 4.76 354.6 
644.01 21.250 210.66 406.0 2213.3 2314.1 1.7677 l27.8 4.80 352.8 
644.21 21. 300 213.05 396.2 2208.5 2308.5 4.7585 136.9 4.84 350.9 
644.40 21.350 215.54 386.0 2203.5 2302.6 4.7490 147 .4 4.8B 348.9 
644.60 21.400 218.16 375.4 2198.3 2296.4 4.7391 159.6 4.92 346.7 
644.79 21.450 220.91 364.3 2192.9 2290.0 4.7288 174.0 4.97 344.5 
644.99 21.500 223.81 352.7 2187.2 2283.3 4.7180 191.2 5.02 342..0 
645.18 21.550 226.90 340.5 2181.2 2276.1 4.7066 212.1 5.08 339.4 
645.37 21.600 230.19 327.6 2174.8 2268.6 1.6946 238.1 5.14 33'6.5 
645.56 21.650 233.74 313.8 2167.9 2260.5 4.6817 271.1 5.21 333.3 
645.76 21. 700 237.60 298.9 2160.5 2251. 9 4.6680 314.3 5.29 329.7 
645.95 21.750 241. 86 282.7 2152.4 2242.4 4.6530 373.3 5.39 325.6 
646.14 21.800 246.62 264.8 2143.5 2231.9 4.6364 458.2 5.51 320.9 
646.33 21.850 252.07 244.5 2133.3 2220.0 4.6177 590.2 5.65 315.2 
646.52 21.900 258.56 220.7 2121.4 2206.1 4.5959 821.4 5.85 307.9 
646.71 21.950 266.77 191.1 2106.5 2188.8 4.5689 1320.1 6.11 297.9 
646.89 22.000 278.71 1419.0 2085.5 . 2164.4 '\.5309 3066.8 6.69 281.3 

.647.067 22.0460 322.778 .0 2014.8 2083.1 4.4050 .0 
---------------------------------------------------------------------------------------------"---------------

Temp. 

644.99 
645.18 
645.37 
645.56 
645.76 
645.95 
646.14 
646.33 
646.52 
646.71 
646.89 

647.067 

Pressure 

MPa 

21.500 
21.550 
21.600 
21.650 
21.700 
21.750 
21.800 
21.850 
21.900 
21.950 
22.000 

22.0460 

Density 

425.69 
422.28 
418.66 
414.78 
410.59 
406.00 
400.89 
395.08 
388.23 
379.64 
367.29 

322.778 

Latent 
Heat 

kJ/kg 

352.7 
340.5 
327.6 
313.8 
298.9 
282.7 
264.8 
244.5 
220.7 
191.1 
149.0 

.0 

liquid 

Internal _ . Enthalpy 
Energy 

kJ/}:g 

1880.0 
1884.6 
1889.4 
1894.6 
1900.1 
1906.1 
1912.7 
1920.2 
1928.9 
1939.9 
1955.5 

201-4.8 

kJ/kg . 

1930.5 
1935.6 
1941.0 
1946.8 
1952.9 
1959.7 
1967.1 
1975.5 
1985.4 
1997.7 
2015.4 

2083.1 

Entropy 

kJ/kg.K 

4.1711 
4.1788 
4.1870 
4.1957 
4·.2051 
4.2153 
4.2266 
4.2394 
4.2545 
4.2733 
".3006 

kJ/kg .K 

87.5 
97.5 

110.0 
126.1 
147.6 
177.4 
221.3 
291.2 
417.6 
702.9 

1777 .1 

.. .11 
~.16 

4.22 
4.29 
4.37 
4.47 
4.58 
4.7-1 
4.94 
5.25 
5.84 

Velocity 
of Sound 

m/s 

328.9 
324.5 
319.9 
315.0 
309.8 
304.2 
298.1 
291.2 
283.3 
273.3 
258.6 

.0 
--------------------------------------~---------------------------------------------------------------------
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Appendix D. Computer Program for Table· 
Generation 

In this Appendix the FORTRAN program is listed that 
yields the thermodynamic properties of steam in the region 
shown in Fig. 1 and specified by Eq. (18). 

The independent variables are temperature Tin K and 
density D in kg/m3

• The program computes the following 
properties: presssure P in MPa, energy U in kJ !kg, enthalpy 
H in kJ !kg, entropy S in kJ Ikg.K, specific heat at constant 
volume CVin kJ!kg.K, specific heat at constant pressure CP 
in kJ/kg.K, velocity of sound CS in m/s,. compressibility 
COMP in I/MPa. 

The transformation from temperature and density to 
the parametric variables rand 8 of the extended and revised 
scaled equations is performed iteratively in the subroutine 
CONVER. Initial guesses for rand 8 to be used in CONYER are 
provided by the subroutine RTHETA of Moldover lS which 
solves simple scaled equations with c = 0 and k 1,= O. The 
pressure and other thermodynamic properties are calculated 
in the subroutine THERMO. 
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As a second option the temperatnre and pressure can be 
used as input variables. In this case, first the density is found 
from the equation of state by Newton iteration in the subrou
tine DFIND, after which the computations proceed as de
scribed above. 

If saturation properties are desired, the independent 
variable is temperature; in this case 8 = - 1 ( + 1) for the 
vapor (liquid) side and r = .J T I( 1 - b 2). All properties, in
cluding density and latent heat, are then calculated in 
THERMO. As a second option the pressure can be used as the 
input variable. The temperature is then found from the va
por pressure equation in the subroutine TFIND after which 
the calculation proceeds as described above. 

The subroutine RANGE checks whether the desired 
point lies within the range of the validity of the equation of 
state. 

An example ofthe usage of these subroutines is given by 
the main program shown and a sample of the output is pre
sented. 

This code has been developed and tested on a Univac 
1180/1108 computer. 



THERMODYNAMIC PROPERTIES OF STEAM INTHE CRITICAL REGION 

--------------------------------~-----------------------------------------------
BLOCKDATA 

c 
C THIS SUBROUTINE SUPPLIES THE PARAMETERS USED IN THE EQUATION 
C OF STATE. 
C 

C 

DOUBLE PRECISION A,O 
COMMON ICOEFS/A(20),Q(20),ANAHES(20),QNAHES(20) 
DATA A/-.017762DO,5.2380DO,O.DO,-2S.4915DO,6.8445DO,.325DO,1.4403 

lDO;0.DO.l.J757DO.2J.66AAno.4.A,nO •• 2942DO.-l1.2326DO.-22.6547DO 
2,-17.8B76DO,-4.9332DO,4~O.DOI 

DATA O/-.006DO,-.OOJDO,0.DO,647.067DO,322.77BDO,22.0460DO 
1,.267DO,-1.6DO,12*0.DOI 

DATAANAMES/6HC ,6HP3 ,6HDELROC,6HP2 ,6~P1 ,6H9ETA 
1,6HKO ,6HDELTC ,6HB*S ,6HA ,6HOELTA ,6HK1 ,6HHUC 
2,6HHUl ,6HHU2 ,6HHU3 ,6HSOO ,6HS20 ,6HSOl ,6HS21 I 

DATA GNAHES/6HPOINTA,6HPOINTB,6HDELPC ,6HTe ,6HRHOC ,6HPC 
1,6HDPCDTC,6HSLOPDI,6HP11 ,6HAlPHA ,6HPOO ,6HP20 ,6HP40 
2,6HDELTAI,6HALPHAI,6HBETA I,6HGAMMAI,6HPOl ,6HP21 ,6HP41 1 

END 

SUBROUTINE CONST 

C THIS SUBROUTINE CALCULATES ALL QUANTITIES NOT DEPENDENT ON R OR THETA. 
C 

c 

C 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
COMMON ICOEFSI A(20);Q(20) 
COMMON/CRITS/TC,RHOC,PC,PCON,UCON,SCON,DPCON 
EOU IVALENCE (DEL!', Q (101) ) , (BETA, A (6) } , (DEL TA, A (11) ) , (BEsa, A (9) ) 

(,(CC,A(1»,(AA,A(10»,(XKO,AC7»,(ALPHA,Q(10» 
2,(ALHI,Q(lS»,(BETl,Q(16»,(GAMl,U(17»'(P01,U(1~»'(P21,Q(1~» 

3,(POO,Q(11»,CP20,Q(1~»,(P40,0(1J)1,(P41,QC20» 
4,(SOO,A(17»),(S20,A(lS»,(S01,A(19»,(S21,A(20» 

ALPHA = 2.DO - A(6)*(A(11) + 1.00) 
GAMMA = BETA*<DELTA - 1.00) 
DELI .0. SODO 
ALHI ::. ALPHA - DELI 
BETl ::. FETA + DELI 
GAMI ~ GAMMA - D~Ll 
CAA - 2.DO*~£TA*D£LTh - 1.DO 
POO = (BETA*(DELTA-3.DO)-BESQ*ALPHA*GAMMA)/C2.DO* 

1 BESO*BESQ*<2.DO-ALPHA)*Cl.DO-ALPHA)*ALPHA) 
P20=-CBETA*(DELTA-J.)-BESQ*ALPHAlERR)/(2.*BESO*Cl.-ALPHA)*(ALPHA» 
P40=(ERR-2.)/2./ALPHA 
gOO = (2.-AIP~A)*Pon 
520 = -BETA*<DELrA-3.)/2./BESO/ALPHA 
POI = (BETA*(DELTA-3.DO)-J.DO*DELI-A(9)*ALHI*GAMI) 

1 1(2.00*A(9)*~(9)*(2.DO-ALHI)*(1.DO-ALHI)*ALHI) 
.. p. 2 1 :.-"'·(-(·B E-rA~-(nE L T A ~J.Jl.O.l ~ 3 . ...lLOXD.ELI -: A ( 9 ) * A L HI * ERR) 
1 (2.DO*AC9)*(1.DO-ALHI)*ALHI» . 

P41 (.5*ERR 1.)/ALHI 
501 = (2.-ALHI'*P01 
521 = -(BETA*DELTA-3.*~ETI)/2./BESQ/ALHI 

C CALCULATE.P11 FROM THE DIAMETER OF THE CC~XISTENCE CURVE. 

C 

C 

DA=Q(l> 
OB=0(2) 
RA = DA/(1.DO - BESO) 
RB = DB/(1.DO ~ BESO) 
SWO :;;: SOO+820 
DRO=S~O*(RA**(l.-ALPHA)-RB**(l.-ALPHA» 
PTW = POl + P21 + P41 
SWl :;;: S01+S21 
DR1=SW1*(RA**(1.-ALHI)-RB**Cl.-ALHI» 
Dl=CCtAA*XKO*DRO 
D2=CCtAAtA(12)*DRl 
0(9) = (Q(S)*(1./(1.-DB)-1./(1.-DA»fD1+D2)/(DB-DA) 

0(3)=A(S)*Q(7) 
TC::::QC4HA(3) 
RIIOC-Q(S) 11'1(3) 

PC=·(H6·)·.f.O( 3·) 
PCON=F'C/TC 
UCON=1.03*f'C 
SCON=UCONITC 
DPCON=PCON/RHOC/RHOC 
RETURN 
ENrt 

SUBROUTINE RANGE(IRANGE,IOPT,T,D,P) 

C THIS ROUTINE DETERMINES WHETHER TH[ ENTRY POINT IS WITHIN THE RANGE 
C OF VALIDITY OF THE EQUATION OF STATE (IRANGE~l), OR NOT (IRANGE=O). 
C 

IMPLICIT REAL*8(A-H,O-Z) 
COMMON/SATUR/ISAT 

21 
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r 

LEVEL T SENGERS ET AL. 

COMHON/CRIT5/TC,RHOC,PC 
DATA TMIN,THAX/643.DO,695.DO/,DHIN,DMAX/200.DO,420.DOI 

IRANGE=1 
IF(ISAT.NE.O) GO TO 10 
IF(T.LT.THIN .OR. T.GT.THAX) GO TO 99 
IF(IOPT.EQ.2) GO TO 20 
IF(D.LT.DMIN .OR. D.GT.DHAX) GO TO 99 
RETURN 

20 CALL THERHO(l,T,DHIN,PHIN,R,THETA) 
CAll THERMO(1,T,DMAX,PMAX,R,THETA) 
IF(P.lT.PHIN .OR. P.GT.PMAX) GO TO 99 
RETURN 

10 IFCIOPT.EQ.2) GO TO 30 
IF(T.GE.TC) GO TO 99 
IF(IsAt.Ea.-l .AND. T.LT.THIN) GO TO 99 
IF(ISAT.EQ. 1 .AND. T.LT.64S.DO) GO TO 99 
RETURN 

30 IFCP.GE.PC) GO TO 99 
IF(ISAT.EQ.-l .AND. P.LT.21.0DO) GO TO 99 
IF(ISAT.EQ. 1 .AND. P.LT.21.5DO) GO TO 99 
RETURN 

99 IRANGE=O 
WRITE(6,2) 

2 FORHAT(2X,'THIS POINT IS OUTSIDE THE RANGE!'/) 
RETURN 
nw 
SUBROUTINE THERHO(IDFIND,T,D,P,Rl,TH1) 

C 
C 1. NOT ON THE SATURATION CURVE (ISAT=O) : 
C GIVEN THE TEMPERATURE TCK) AND DENSITY O(KG/H3), THIS ROUTINE 
C CALCULATES PRESSURE P(HPA) AND IT~ DERIVATIVES W,R.T D AT 
C CONSTANT T DPDDCHPA/CKG/Hj» AND W.R.T T AT CONST~NT D 
C DPDTCMPA/K), ENERGY U AND ENTHALPY H(KJ/KG), ENTROPY AND 
C SPECIFIC HEATS CP AND CVCKJ/KGK), VELOCIty OF SOUND CS(H/S), 
C AND COHPRESSIBILITY COHP(l/HPA). 
C IF THE ENTRY POINT IS IN THE 2-PHASE REGION CIPHASE=2) IT 
C RETURNS CP=COHP=CS=O. 
C IF IDFIND=l IT CALCULATES ONLY P AND DPDD. 
C 2. ON THE SATURATION CURVE (ISAT.NE.O) : 
C GIVEN THE TEMPERATURE T, IT CALCULATES THE DENSITY 0, LATENT HEAT 
C AND ALL THE A~OVE PROPERTIES ON THE ~APOR SIDE (ISAT=-I), OR THE 
C LIQUID SIDE CI~AT=l). 
C 

C 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
COHMON/THERH/IPHASE,DPDD,DPDT,U,H,ENTROP,CP,CV,CS,COHP 
COMMON/SATUR/ISATiHEAT,DlIG,DVAP 
COHHON/COEFS/A(20),Q(20) 
COHHON/CRITS/TC,RHOC,PC,PCON,UCON,StON,DPCON 
-[lll1EffSION -S(2T,-XRT2Y,Slif2T -----------------
EQUIVALENCE (PWl,A(S»,(PW2,AC4»,(PW3,A(2», 

1 (AHC,A(i3»,(AH1,A(14»,(AH2,A(15»,(AH3,A(16», 
2 (POO,Q(11»,(P20,Q(12»,(P40,QCI3», 
3 (P01,G(18»,(P21,Q(19»~(P41,G(20»~ 

4 CAA,A(lO»,(XKO,A(7»,(XK1,A(12»,CPW11,Q(9», 
5 (AlPHA,Q(101),(AlHI,QC15»,(BESQ,A(9» 

XK (1) =XKO 
XK(2)=XKl 
TEE=(T-TC)/TC 
TIJ=-TC/T 
[ITW=I. [IOHW 
IFCISAT.NE.O) GO TO 10 
RHO;"D/RHOC 
CALL CONVE~(RHO,TEE,AHU,THl,Rl,RHOl,S,RHODI,ERR) 
GO TO 12 

10 TH1=1.[lO 
IFCISAT.EO.-l) TH1=-0.99999999999999999DO 
IFCISAT.EG. 1) TH1= 0.99999999999999999DO 
Rl=bTW/C1.DO-BESQ) 
CALL SSCR1,THl,S,SD) 
RHO=THl*(XKO*Rl**A(6)tXKl*R1**QC16»tA(1)*(SCl)tS(2\\ 
RHO=l.DO+Nnu.rrnffRlfo 
D=RHO*RHOC 
AHU=O. [10 

12 TTl=THUTH1 
TT2=TTIUTi 
PWO=1.DO+DTW*(PW1+DTW*(PW2+DTW*PW3» 
PWMU=AI1U*RHODI 
POTH=POO+P20*TTl+P40*TT2 
PITh=P01+P~1*TTltP41*TT2 
DPWO=XKO*POTH*Rl**~2.-AlPHA) 
DPWl=XKl*P1TH*Rl**(2.-AlHI) 
DPW=AA*(DPWO+DPW1) 
PW=PWOtPWHU+DPW 
IFCIDFIND.EQ.l) GO TO 11 
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DPODT=PWlfDTW*<2.DO*PW2f3.DO*PW3*DTW) 
DHODT=AHltDTW*<2.DO*AH2t3.DO*AH3*DTW) 
UW=DPODT-RHO*DMODTtPWll*AHUtS(1)tS(2) 
HW=PW-TW*UW 
AMW=AMUtAMCtDTW*(AHltDTW*<AH2tDTW*AH3» 
SW=HW-RHO*AMW 

D2PODT=2.DO*PW2t6.DO*PW3*DTW 
D2MODT=2.DO*AH2t6.DO*AM3*DTW 

11 IFCDABSCTH1).GE.l.DO) GO TO 13 
IPHASE=l 
CALL AUXCR1,TH1,D2PDT2,D2PDHT,D2PDH2,AA,XK,SD,CVCOEX) 
DPDD=DPCON*D*T/D2PDM2 
IFCIDFIND.EO.I) GO TO 15 
DPDTCD=DPODTtPW11*(AHU-RHO/D2PDH2)tS(I)tS(2)-D2PDHT*RH0/D2PDH2 
DPWDTW=PW-TW*DPDTCD 
CVITW2=D2PODT-RHO*D2HODTfD2PDT2-(PWlltD2PDHT>**2/D2PDH2 
CVW=CVITW2*TW*TW 
CPW=CVWfD2PDH2*DPWDTW*DPWDTW/(RHO*RHO) 
COMP=I.DO/(D*DPDD) 
CS=I.D3*DSORTCCPW/CVW*DPDD) 
IFCISAT.EO.O) GO TO 14 
RH01=1.DOtPW11*DTWtA(I)*(S(1)tS(2» 
RH02=XKO*Rl**A(6}tXK1*Rl**OCI6} 
DLIO=RHOC*(RHn1~RHn?) 

DVAP=RHOC*(RHOI-RH02) 
DPDT2=PW-TW*CUW+RHO*DHODT) 
HEAT=I.D3*T*<PCON,OPDT2)*<1.DO/DVAP-l.DO/DLIQ) 
GO TO 14 

13 IPHASE=2 
IIPIID=O. 
IFCIDFIND.ED.I) GO TO 15 
DPDTCD=UWtRHO*DMODT 
DPWDTW~PW-TW*DPDTCD 
CVIO=(2.-ALPHA)*(1.-ALPHA)*Rl**(-ALPHA)*XKO*POTH 
CVll=C2.-ALHI )*<l.-ALHI )*Rl**(-ALHI }.XKl.PlTH 
CVITW2=D2PODT-RHO*D2MODT+AA*<I./(1.-BESQ»**2*<CVIOtCV11) 
CVW=CVITW2*TW*TW 
Cf'W=O. 
COHP=O. 
CS=O. 

14 DPDT=PCON*Df'WDTW 
SCONrI=SCON/D 
U=UW*UCON/D 
H=HW*SCONDU 
ENTROP=SlaSCOND 
CV=CIJW*SCOND 
CF'=CPW*SCO/,W 

15 --P-,,:PW*PCON*T
RETURN 
END 

-------------------------------------------------------~------------------------
SUBROUT1NE DFIND<T,P,D,DGUESS,DHIN,DHAX) 

c 
C GIVEN THE 'TEMPERATURE TCK), PRESSURE P(HpA), AND AN INITIAL 
C GUESS DENSITY DGUESSCKG/H3), THIS ROUTINE FINDS THE 
C CORRESPONDING DENSITY DCKG/H3} IN THE RANGE (D~IN,DHAX). 
C IF T IS BELOW THE CRITICAL ISOTHERM, DGUESS HUST B~ SET 
C EQUAL TO THE CRITICAL DENSITY, OTHERWISE IT HAY YIELD 
C ERRONEOUS RESULTS. IF THE ENTRY POINT IS IN THE 2-PHASE 
C REGION CRITICAL DENSITY IS RETURNED FOR D. 
C 

C 

IMPLICIT REAL*8(A-H,O-Z) 
COMMON/THERM/IPHASE,DPDD 

D=DGUESS 
DO 10 1=1,20 
CALL THERMO(1,T,D,PP,R,THETA) 
f'DIF=F'P-P 
IF(If'HASE.EQ.2) GO TO 18 
[IEL[I=-f'[1 I F / Df'[ID 

D=DtIIELIr-
IFCD.LT.DMIN) D=DHIN 
IFCD.GT.DMAX) D=DMAX 
IFCDABSCDELD/D).LT.l.D-6} GO TO 19 

_GO TO 10 
18 IF(DABSCf'DIF).LE.O.DO) GO TO 19 

IFCPDIF.LT.O.OO} D=DMAX 
IFCPDIF.GT.O.DO) D=DHIN 

10 CONTINUE 
WRITEC6,21) T,P,PP,D 

21 FORMATCSX,'DFIND DOES NOT CONVERGE :',4FI2.4) 
19 RETURN 

END 

23 
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SUBROUTINE TfIND(P,TJ 
C 
C GIVEN A PRESSURE P(HPA) BELOW THE CRITICAL ISOBAR, IT FINDS THE 
C CORRESPONDING TEHPERATURE T(K) ON THE SATURATION CURVE. 
C 

C 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
COHMON/THERH/IPHASE,DPDD,DPDT,U,H,ENTROP,CP,CV,CS,COHP 
COHMON/SATUR/ISAT,HEAT,R~OL,RHOG 

COHMON/CRITS/TC,RHOC,PC,PCON,UCON,SCON,DPCON 

T=TC-1.DO 
D=RHOC 
ISAVE=ISAT 
ISAT=2 
DO 10 1=1,20 
CALL THERHO(0,T,D,PP,Rl,TH1) 
DT=(PP-P)/DPDT 
T=T-DT 
IF(T.GT.TC) GO TO 12 
IF(DABS(DT/T).LT.1.D-8) GO TO 20 
GO TO 10 

12 T=TC-0.001DO 
10 CONTINUE 

WRITE(6,11) P,PP,T 
11 FORMAT(lX/1X'TFIND DOES NOT CONVERGE :',3F12.6/) 
20 ISAT=ISAVE 

RETURN 
END 

SU8ROUTINE CONVERCRHO,TEE,AHU,TH1,Rl,RH01S,Sl,RHODI,ERROR1) 
C 
C THIS ROUTINE TRANSFORHS TEMPERATURE AND DENSITY TO THE PARAMETRIC VARIABLES 
C R AND THETA ACCORDING TO THE REVI~ED AND EXTENDED SCALED EQUATIONS. 
C 

C 

IMPLICIT REAL*8 CA-H,O-Z) 
COMMON ICOEFS/. A(20),QC20) 
UIM~NSIUN Sl(2),SO(2J 
EQUIVALENCE(BETA,A(6»,(DELTA,A(11)},(XK1,A(12»,(CC,A(1» 

1 ,(ALHI,Q(1S»,(ALPHA,Q(10»,(BESQ,A(9»,(Pll,Q(9» 
2 ,CDELI,Q(14»,(P1W,QC18»,(P2W,Q(19»,(P4W,Q(20» 
3,CAA,A(10»,CXKO,~~7»,CSOO,A(17»,(S2~,AC18»~(BETAI,Q(16» 

TSTAR = TEEt1.DO 
DTSTIN = 1.DO - (I.DO/TSTAR) 

Rl=DTSTIN 
IF(DTSTIN.LT.O.) R1=DTSTIN/(1.-BESQ) 
TH1=0. 
IFCDTSTIN.LT.O.) TH1=1. 
CALL SSCR1,THl,SI,SD) 
RHODI = 1.00 tPl1*DTSTIN 

. RHODlT--: RHODI-t-:"'ee*S-1-(-1-)--+--CC*St(-2)
DRHO = RHO - RHODIT 
AMU = O.DO 
IFCDTSTIN.GT.O.DO) GO TO 1 
RHOleo = XKO*Rl**BETA + XKl*Rl**BETAI 
TWOFAZ = RH01CO . 
IF (DABS(DRHOr~GT.TWOFAZ) GO TO 1 
RH01S = DSIGN(RHOICO,DRHO) + CC*Sl(1) 
THI = DSIGN(l.DO,DRHO) 
ERRORl = 1.[10 
GO TO 999 
CONTINUE 
IF(DRHO.NE.O.DO) GO TO 2 
THI = O.ItO 
R 1 = DTSTIN 
R~OlS = eClS1(l) 

2 CONTINUE 
C RULE FOR FIRST PASS 

Y1 = DTSTIN 
DEN1 = ~HO - RHODIT 

CALL RTHETA(Rl,THl,DENl,Yl) 
TT=THUTHl 

AMU = AA. Rl •• (8ETA.DELIAJ.IHl.(1.DO-TTJ 
Y1 ~DTSTIN~t CC*AHU-
CALL SS(Rl,THl,Sl,SD) 

RHOWEG = XK1*CRl*lBETAI)*THl t CC*S1{2) 
RHOIS = DENl t CC*Sl(l) t RHOWEG 
ERRORl = RHO - RHODI - RHOlS 
IFe DABS(ERROR1).LT.l.D-5 ) GO TO 999 

C RULE FOR SECOND PASS 
DENl2 = RHO - RHODI - CC*Sl(l) t RHOwEG 

IF (DENl2.EO.DEN1) DEN12 = DENI - 1.D-06 
CALL RTHETACR1,TH1,DENl2,Yl) 
TT = THUTHl 

AHU = AA* Rl**(BETA*DELTA)*THl*(l.DO-TT) 
Y1 = DTSTIN + CC*AHU 
CALL SS(Rl,TH1,Sl,SD) 

RHOWEG = XK1*Rl**BETAI*THl + CC*Sl(2) 
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RH01S2 = DEN12 + CC*Sl(l) + RHOWEG 
ERROR2 = RHO - RHODI - RH01S2 
IF( DABS(ERROR2).6T.1.D-5 ) GO TO 998 
ERROR1 = ERROR2 
RH01S = RHOIS2 
GO TO 999 

998 CONTINUE 
C RULE FOR NTH PASS 

DEN2 = DEN12 

C 

DO 44 ISIG = 1,10 
SLOPE = (ERROR2-ERROR1)/(DEN2 -DEN1) 

HOLD = DEN2 
DEN2 = DEN1 - (ERROR1/SLOPE) 
CALL RTHETA(Rl,TH1,DEN2,Y1) 
TT = THUTH1 

AMU = AA* R1**(BETA*DELTA)*TH1*(1.DO-TT) 
Yl = DTSTIN + CC*AHU 

CALL SSCR1,TH1,Sl,SD) 
RHOWEG = XK1*Rl**BETAI*TH1 + CC*Sl(2) 

RH01S = DEN2 + CC*Sl(l) + RHOWEG 
ERROR1 = ERROR2 

ERROR2 = RHO - RHODI - RH01S 
IFC DABSCERROR2).LT.1.D-6 ) GO TO 999 

DEN1 = HOLD 
44 CONTINUE 

1~(UA~~(tK~UK~}.ti,.1.U-6} WRIfE \6,66J ERRU~2,RHO,Dr5TIN,UEN2,~~ 
66 FORHATCIX,'CONVER DOES NOT CONVERGE ',5E12.6) 
999 CONTINUE 

RETURN 
END 

SUBROUTINE RTHETA(R,THETA, RHO,TEE ) 

CC THIS VERSION WILL fIT DATA fOR THETA 6T 1.0 AND LT 1.000001 
CC SOLVES RHO = EM*THETA*CR**BET~) 
cc 
C 

ANI' 

C 

c 

IMPLICIT REAL*8(A-H,0-Z) 
COMMON /COEFS/A(20),Q(20) 
EQUIVALENCE (BETA,A(6»,CEM,AC7»,(BESQ,A(9» 

IF(EH.LE.O.DO .OR. BESQ.LE.l.DO) GO TO 600 
ABSRHO = DABS( RHO ) 
IFCABSRHO .LT. 1.D-12 ) GO TO 600 
BEE = DSQRT(BESQ) 
IF([lABSCTEE) .LT. l.D-12) 60 TO 495 
IFC TEE .LT. O.DO ) Z = 1.DO-(1.DO-BEE)*TEE/(1.DO-BESQ) 

1 *(EM/ABSRHO)**(1.DO/BETA) 
IFCTEE.GT.O.DO) Z = (1.IIO+TEE*CEM/BEE/ABSRHO)U(1.DO/BETA»U-BETA 
rF-(-Z-.-G-T.l-.-00234rlO*-BEE~>--GO--TO--49-6-
C = -RHO*BEE/EH/DABS(TEE)**BETA 
Z = [ISIGtHZ,RHO) 

100 DO 500 N = 1, 16 
Z2 = Z*Z 
Z3 = 1.110 - Z2 
DZ = Z3*<Z+C*DABS(Z3)**BETA)/(Z3+2.DO*BETA*Z2) 
Z = Z - DZ 
IfCDABSCDZ/Z) .LT. 1.D-12) GO TO 498 

500 CONTINUE 
601 WRITE(6,450) R,THETA, RHO,TEE,BETA,EH,BESQ 

IF(DABS(THETA).GT.l.0001) THETA=THETA/DABS(THETA) 
RETURN 

498 THETA = Z/BEE 
R = TEE/(I.DO-Z*Z) 
R = [lABS(R) 

RETURN 
495 THETft - ~SIGN(l.DO.RHO)/DEE 

R = (RHO/(EH*THETA»**(I.DO/BETA) 
RETURN 

496 THETA = DSIGN(l.,RHO) 
R = TEE / ( 1.0DO - BESQ ) 

R '" [lA9S(~) 

-RE-WRN--
600 IFCDABSCTEE) .LT. 1.D-12) GO TO 601 

IF(TEE.LT.O.DO) GO TO 496 
THETA = l.D-12 
R = TEE 

4sb FORHAT(2X,'RTHETA DOES NOT CONVERGE' , 7(lX, E12.6) ) 
RETURN 

END 

SUBROUTINE SS(R,TH,S,SD) 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
DIMENSION S(2),5D(2) 
COHMON /COEFSI A(20),Q(20) 
EQUIVALENCE (ALPHA,Q(10»,(BETA,A(6»,(BESQ,A(9»,(DELTA,A(11» 

1,(DELI,Q(14»,(ALHI,Q(15»,(BETI,Q(16»,(GAHI,Q(17»,(POO,Q(11» 

25 
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C 

LEVEL T SENGERS ET AL. 

TT = THUH 
5(1)= SOO + 520*TT 
SD(l) = 2.*520*TH 
S(2) = 501 + 521*TT 
SD(2) = 2.*S21*TH 
S(1)=5(1)*A(10)*A(7)*R**(1.-ALPHA) 
S(2)=S(2)*A(10)*A(12)*R**(1.-ALHI) 
RETURN 
END 

SUBROUTINE AUX(Rl,TH1,D2PDT2,D2PDHT,D2PDH2,AA,XK,SD,CVCOEX) 
C 
C THIS SUBROUTINE CALCULATES SOME OF THE SECOND DERIVATIVES OF 
C THE ANOMALOUS PART OF THE EQUATION OF STATE. 
C 

C 

C 

IMPLICIT REAL*a (A-H,O-Z) 
COMMON ICOEFSI A(20),Q(20) 
DIMENSION XK(2),S(2), SD(2),W(2),Y(2),Z(2),COEX(2) 
EQUrVALENCE (CC,A(1»,(BETA,A(6»,(BESQ,A(9»,lDELTA,A(11» 

1,(ALPHA,Q(10»,(SOO,A(17»,(S20,A(lS»,(SOl,A(19»,(S21,A(20» 

DELI = 0.00 
S(1)=SOO+S20*TH1*THl 
S(2)=SOltS21*TH1*THl 
SD(l) ::: 2.*TH1*S20 
SD(2) := 2.*TH1*S21 
ww. = 0.00 
YY = 0.00 
ZZ = 0.[10 
GAMMA = BETA*(DELTA - 1.00) 
TT1 ::: THUTH1 
TER = Z.DO*SETA*DELTA - 1.00 
G = (1.+(BESQ*TER-3.)*TTl - BESQ*<TER-2.)*TT1*TT1) 
CVCOEX = 0.00 
DO 30 I = 1,2 
ALHI = ALPHA - DELI 
BETI = BETA + DELI 
GAMI = GAMMA - DELI 
W(I)=(l.-ALHI)*(1.-3.*TT1)*5(I)-BETA*DELTA*(1.-TTi)*TH1*5D(I) 
101.(1) = (101.(1) *(Rl**(-ALHI»)/G 
101.(1) = W(I)*XK(I) 
IrJIrJ = WW + W( I> 
Y(I) = BETI*(1.DO-3.DO*TT1)*THl -BETA*DELTA*(1.DO-TT1)*THl 
Y(I) = (Y(I) *(R1**CDETI - 1.DO»)*XKCI)/G 
YY = YY + Y( 1) 

Z(I) = 1.00 - 8ESQ*(1.DO - (2.DO*BETI»*TTl 
Z(I) = (Z(I) *(Rl**(-GAMI»)*XK(I)/G 
ZZ = ZZ + Z (I) 
At = (lIETA~(DELTA"~:r.-Do-F3.UO-*DELI""BESQ*AI:HnuAttn-

1 1(2.DO*BESO*BESO*(2.DO-ALHI)*(1.DO-ALHI)*ALHI) 
A2 = 1+«BETA*(DELTA-3.DO)-3.DO*DELI-BESQ*ALHI*TER)/ 

1 (2.DO*BESQ*(1.DO-ALHI)*ALHI» 
A2 = - A2 
A4 = l.DO+«T~~-2.DO)/(2.DO*ALHI» 
Fl = A1 + A2 + A4 
COEX(I) = «2.DO - ALHI)*(l.DO - ALHI)*(Rl**(-ALHI»tFl*XK(I» 
CVCOEX = CVCOEX + COEX(I) 
DELI = 0.5DO 

30 CONTINUE 
It?PflT2 
D2P[lMT 
D2f'[IM2 
RETURN 
EN[I 

AAUIIrJ 
YY + AA*CC*WW 
ZZ/AA t 2.DO*CC*YY + CCC**2>*AA*WW 

SAMPLE MAIN PROGRAM 

C ISAT=-l CALCULATES PROPERTIES ON THE VAPOR SIDE OF THE SATURATION CURVE. 
C ISAT=1 CALCULATES PROPERTIES ON THE LIOUIDSI[lE OF THE SATURATION CURVE. 
C ISAT=O CALCULATES PROPERTIES AT ANY POINT ON THE THERMODYNAMIC SURFACE 
C NOT ON THE SATURATION CURVE. 

--t TcfpT-;r-YA-Ii;-ES- AS--I NF'UT VARIASUS -TEMF'ERATlJREA-Jr[f,JElffiTTY--n~HEN--lSAI=OI, 
C OR TEMPERATURE ONLY (WHEN ISAT.NE.O). 
C IOPT=2 TAKES AS INPUT VARIABLES TEMPERATURE AND PRESSURE (WHEN ISAT=O), 
C OR PRESSURE ONLY (WHEN ISAT.NE.O). 
C UNITS ARE AS FOLLOWS: TEMPERATURE IN (K), DENSITY IN (KG/HJ), PRESSURE 
C IN (HPA), ENERGY IN (KJ/K~), SPECIFIC HEAT IN (KJ/KG.K), VELOCITY OF 
C SOUND IN (HIS), COMPRESSIBILITY IN (l/MPA), ETC. 
C 

IMPLICIT REAL*S (A-H,O-Z) 
REAL ANAMES,ONAHES 
COMMON/COEFS/A(20),O(20),ANAMES(20),ONAMES(20) 
COMMON/THERM/IPHASE,DPDD,DPDT,U,H,S,CP,CV,CS,COHP 
COMMON/SATUR/ISAT,HEAT,DLIO,DVAP 
COMMON/CRITS/TC,RHOC,PC,PCON,UCON,5CON,DPCON 
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THERMODYNAMIC PROPERTIES OF STEAM IN THE CRITICAL REGION 

c 

C 

DATA DMIN,DMAX/200.DO,420.DOI 

CALL CONST 
WRITE(6.t22) 
WRITE(6,159) (I,A(I),ANAHES(I),I,0(I),GNAHES(I),I=1,20) 
WRITE(6r123) 

100 READ(S,1,END=999) ISAT,IOPT,T,D,P 
CALL RANGE(IRANGE,IOPT,T,D,P) 
IF(IRANGE.EG.O) GO TO 100 
IF(IOPT.EO.l) GO TO 200 
IF(ISAT.EO.O) CALL DFIND(T,P,D,RHOC,DHIN,DHAX) 
IF(ISAT.NE.O) CALL TFIND(P,T) 

200 CALL THERHO(O,T,D,P,R,THETA) 
IF(ISAT.EO.-l) WRITE(6,124) HEAT 
IF{ISAT.EO. 1) WRITE(6,125) HEAT 
WRITE(6,121) IPHASE,T,D,P,U,H,S,CV,CP,CS,COHP 
GO TO 100 

999 STOP 
C 

1 FORMAT ( ) 
159 FORHAT(5X,2HA(,I2,2H)=,F12.6,5X,Ao,5X,2HO(,I2,2H)=,F12.6, 

1 5X,A6) 
124 FORHAT(5X,'VAPOR SIDE OF SATURATION CURVE: LATENT HEAT=', 

1 F7.2) 
125 FORHAT(5X,'LIOUID SIDE OF SATURATION CURVE: LATENT HEAT=', 

1 F7.2) 
l~l ~URMAT(~X,'IN"I2,'-~HA5E REGION ;·,3X,'T-',ro.3.3X.'D-'. 

1 F8.3,3X,'P=',FS.4/5X;'U=',F7.1,3X,'H=',F7.1,3X,'S=', 
2 F7.4~3X"CV=',F7.3/5X"CP=',EI0.5,3X"CS=',F7.2,3X, 
3 'COMP=,' ,EIO.51> 

122 FORMAT(1X,'PARAMETERS OF THE SCALED EOUATIONS ARE :'/) 
123 FORMATe/' ENTER ISAT, IOPT, TEMPERATURE(K), DENSITY(KQ/H3), " 

1 'PRESSURE(MPA)'I' (ENTRY FOR DEPENDENT ~ARIABLE(5) WILL ., 
~ '8E IGNORED)'/) 

END 

@XOT,F 
PARAMETERS OF THE SCALED EOUATIONS ARE : 

A( 1 )= -.017762 C Q( 1)= -.006000 POINTA 
A( 2)= 5.238000 P3 O( 2)= -.003000 POINTB 
A( 3)= .000000 DEL ROC Q( 3)= .000000 DELPC 
A( 4)= -25.491500 P2 O( 4)= 647.067000 TC 
A( 5)= 6.844500 Pl O( 5)= 322.778000 RHOC 
A( 6)= .325000 BETA Q( 6)= 22.046000 PC 
A( 7)= 1.440300 KO O( 7)= .267000 DPCDTC 
A( 8)= .000000 DELTC (H 8)= -1.600000 SLOPDI 
A( 9)= 1.375700 B*B O( 9)= .491776 Pll 

. __ AiJJlt"'- 23.666600 A 0(10)= .108500 ALPHA 
A(lt>= 4;820000 DELTA aTf1)= ~·5865·35 POO--· 
A(12)= .294200 Kl 0(12)= -1.026243 P20 
A(13)= -11.232600 MUC 0(13)= .612903 P40 
A( 14)= -22.654700 MU1 0(14)= .500000 DELTA I 
A(15)= -17.887600 MU2 0(15)= -.391500 ALPHA I 
A(16)= -4.933200 MU3 0(16)= .825000 BETA I 

"A( 17)= 1.109430 SOO 0(17)= .741500 GAHI1AI 
A<1S)= -1.981396 S20 Q(18)= .103246 POl 
A(19)= .246913 SOl (HI9)= .160322 P21 
A(20)= -.843411 521 0(20)= -.169860 P41 

ENTER ISAT, IOPT, TEMPERATURE <10, DENS ITY (KG/113) , PRESSURE(MPA) 
(ENTRY F'OR DEPENDENT VARIAPLE(S) WILL Pl< IGNORED) 

> 0 1 680. 350. O. 

)- 0 

IN i-PHASE REGION: T= 680.000 D~ 350.000 pm 31.9201 
u= 2103.7 H= 2194.9 s= 4.5297 CV= 3.313 
CP= .21679+02 CS= 434.83 COMP= .98868-01 

1 645. 240. O. 
IN 2-PHASE REGION : 
U= 2143.7 H= 2233.3 
CP= .00000 CS= 

T= 645.000 D= 240.000 
S= 4.6405 CV= 13.729 

.00 COMP= .00000 

P= 21.5038 

> 0 650. O. 2l. 
----nrrs· POINT-IS--OUTSIDE· THE- RANGE! 

> 0 2 650. O. 23. 
IN I-PHASE REGION: T= 650.000 D= 390.593 P~ 23.0000 
U= 1941.4 H= 2000.3 S= 4.2731 CV= 4.083 
CP= .94553+02 CS= 336.03 COI1P= .52503+00 

> -1 1 ·646. O. O. 
VAPOR SIDE OF SATURATION CURVE: LATENT HEAT= 277.94 
IN I-PHASE REGION: T= 646.000 D= 243.117 P= 21.7639 
U= 2150.1 H= 2239.6 s= 4.6485 CV= 5.421 
CP= .39360+03 CS= 324.40 COMP= .28377+01 

> 1 2 O. O. 21.8 
LIOUID SIDE OF SATURATION CURVE: LATENT HEAT= 264.78 
IN I-PHASE REGION: T= 646.138 D= 400.891 P= 21.8000 
U= 1912.7 H= 1967.1 S= 4.2266 CV= 4.585 
CP= .22126+03 CS= 298.08 COMP= .13549+01 

27 
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28 LEVEL T SENGERS ET AL. 

Appendix E. Units and Conversion Factors Energy, enthalpy 

kJlkgto Units used in the tables 

Pressure 
Temperature 
Density 
Energy, enthalpy, latent heat 
Entropy, specific heats 
Sound velocity 

Conversion factors 

Pressure 

MPato 

Pa 
bar 
atmosphere 
Ibf/in2 

MPa 
K 
kg/m3 

kJlkg 
kJlkg.K 
mls 

multiply table values by 

106 

10 
9.869233" 

145.037738 

multiply table values by 

0.0555083 
f).0624280 

J/mol 
BTU/lbm 

Entropy, specific heats 

kJlkg~K to 

J/mol.K 
BTU/lbm.R 

Sound velocity 

mlsto 

ft/s 

Temperature 

Kto 

multiply table values by 

18.01534 
0.4299226 

mUltiply table values by 

18.01534 
0.2388459 

multiply table value by 

3.28083 

transform table vahle hy 

(T,°C) (T,K) - 273.15 
(T,OF) 1.8[(T,K) - 273.15] + 32 
(T,R) = 1.8(T,K) . 


